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 Macromolecular crowding (MMC) is a biophysical tool which has been used 
extensively to modulate cellular behaviour. Despite being in use for many years, the 
mechanism by which crowders enhance cellular proliferation and differentiation had 
never been systematically investigated. The aim of this thesis was to attempt to 
unravel this mechanism of action and to gain a better understanding of the nature of 
the interactions between synthetic polymers and stem cells. This thesis is organised 
into the following chapters: 
 
 Chapter 1 features a general introduction to the concept of macromolecular 
crowding and a description of how crowding has been used over the years to enhance 
the performance of numerous biochemical reactions. This chapter introduces the 
synthetic polymer called Ficoll and its various applications and also discusses the 
significance of Ficoll and another polymer, polyvinylpyrrolidone (PVP), in the 
context of nanotechnology. 
 
Chapter 2 explains the theory of macromolecular crowding in greater detail. 
The concept of microviscosity, which arises from the heterogeneity of polymer 
solutions, is introduced. The fundamentals of the technique known as fluorescence 
correlation spectroscopy (FCS) are explained. This technique was used to study the 
diffusive behaviour of Ficoll, the principal macromolecular crowder that has been 
utilised in stem cell proliferation and differentiation experiments. Anomalous 
diffusion, one of the consequences of macromolecular crowding, is discussed in this 
chapter. The analysis of FCS data using various physical models is also described. 
 viii 
 
Chapter 3 describes the effect of macromolecular crowding on the diffusion of 
various probes in aqueous solutions. FCS was used to investigate the effect of a wide 
concentration range of Ficoll on probe diffusion.  
 
Chapter 4 describes the crowding effect of Ficoll on the diffusion of a 
fluorescent probes in supported lipid bilayers (SLBs) and in the plasma membrane of 
human mesenchymal stem cells (hMSCs). Probe diffusion was measured by FCS. 
This chapter also investigates the effect of macromolecular crowding on the rate of 
actin polymerisation and the rate of collagen aggregation in aqueous solutions. Ficoll 
and polyvinylpyrrolidone (PVP) were used as crowders in these experiments. 
 
Chapter 5 investigates the uptake, distribution and fate of Ficoll and PVP in 
hMSCs and Wi38 fibroblasts. This chapter also presents data that show that Ficoll 
undergoes degradation under the simulated acidic conditions of lysosomes, and that it 
is metabolised by hMSCs and Wi38 fibroblasts.  
 
Chapter 6 investigates the effect of PVP and Ficoll on the deposition of 
collagen I by Wi38 human embryonic fibroblasts and human dermal fibroblasts.  
 
 Chapter 7 investigates the distribution and fate of PVP in embryos of Danio 
rerio (zebrafish).  
  
Chapter 8 presents the conclusions of this thesis and contains suggestions for 
further experiments. 
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Chapter 1: Introduction 
 
Mammalian cells are routinely cultured ex vivo in an environment that would 
typically consist of the following experimental setup: a vessel, such as a tissue culture 
flask, a suitable growth medium that bathes the cells, and an incubator that maintains 
the right temperature and supplies carbon dioxide. Despite the carefully regulated cell 
culture conditions, the cells’ environment is not entirely physiological because of its 
artificial nature: the cell culture flask is made of plastic and the cell culture medium is 
extremely dilute. If we take a closer look at typical concentrations of cell culture 
media, we find that the concentration of fetal bovine serum used is 5 to 20%, which 
corresponds to an approximate solute concentration of 4 - 16 mg/ml [1]. We should 
contrast this concentration with that of the extracellular matrix (ECM), whose protein 
concentration lies in the range of 20.6 to 80 mg/ml, accounting for  approximately 7 
to 40% of the total fluid volume [1]. These proteins “crowd” the environment and 
render the ECM “volume-occupied”. The absence of this volume occupancy or 
“crowdedness” in cell culture vessels would be expected to alter the behaviour of 
cells. Cells may remain viable when cultured ex vivo, but this does not necessarily 
imply that the cells are functioning optimally.  
  
It has been empirically demonstrated that the deposition of extracellular matrix 
(ECM) in cell culture can be significantly enhanced by the addition of carbohydrate-
based polymers such as Ficoll [1-7]. These NPs serve as culture media additives that 
can be easily incorporated into any cell culture protocol. By increasing the rate at 
which the ECM is produced by cells and by improving its quality, both the ex vivo 
proliferation of human mesenchymal stem cells (hMSCs) and their differentiation into 
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specific lineages have been dramatically improved [Loe et al, under revision]. The use 
of Ficoll has helped to remove a key obstacle in the development of stem cell-based 
therapies, namely, obtaining stem cell numbers that are sufficiently high for the 
industrial mass production of implantable and therapeutically useful stem cells. The 




















Fig. 1.1. The chemical structure of Ficoll®. Ficoll is a co-polymer of (A) sucrose, 
which is a disaccharide composed of glucose and fructose; and (B) epichlorohydrin, 




The proliferative and differentiation capacities of the stem cells themselves are 
maximized by the presence of Ficoll in the stem cell growth medium, obviating the 
need for physically manipulating the cells’ ex vivo microenvironment by artificial 
means. Besides stem cell proliferation and differentiation, Ficoll has been found to 
affect other biochemical processes. Ficoll induces shape changes in an aspherical 
protein [8].  Another study reports the use of Ficoll 70 kDa in experiments to 
determine the effect of inhibitory proteins on viral capsid assembly [9]. Ficoll 70 
promotes the assembly of FtsZ, an essential cell division protein in E. coli, into two-
dimensional polymers [10]. 
 
 At specific concentrations, Ficoll establishes fractional volume occupancies 
(FVOs) that greatly enhance ECM deposition, which is otherwise an inefficient 
process in uncrowded cell culture conditions. Macromolecular crowding (MMC) acts 
by means of the excluded volume effect (EVE), which is defined as the “volume of a 
solution that is excluded to the centre of mass of a probe particle by the presence of 
one or more background particles in the medium” [11]. EVE arises from the mutual 
impenetrability of the soluble macromolecules. According to EVE theory, the volume 
of solution that is excluded to a particular molecule is dependent upon the sum of 
non-specific steric hindrances (governed by size and shape) and electrostatic 
repulsions (governed by electrical charge) between the background macromolecules 
[12]. Crowding is the result of a reduction of the available solvent volume by a 
crowding agent, which can be mobile or fixed [13]. The concept of excluded volume 






Fig. 1.2. Excluded volume (pink and black) and available volume (blue) in a solution 
of (spherical) background macromolecules. (A) The volume that is available to a test 
molecule of infinitesimal size. (B) The volume that is available to a test molecule of 
size comparable with background molecules. (Reprinted from Journal of Biological 
Chemistry, vol 276, AP Minton, “The influence of macromolecular crowding and 
macromolecular confinement on biochemical reactions in physiological media”, 
pp.10577-10580, Copyright (2001), with permission from the American Society for 
Biochemistry and Molecular Biology (ASBMB).)  
 
 
Ficoll dissolved in cell culture medium serves as a mobile obstacle. Crowding 
increases the effective solute concentration, which, in turn, increases the chemical 
potential of the solute [14]. In a crowded solution, the reactivity of a solute is related 
to the number of solute molecules per unit of available volume, not total volume. 
Therefore, the thermodynamic activity or effective concentration of a given solute in a 
crowded medium will be higher than in a dilute solution by a factor that is determined 
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by the activity coefficient of that solute. Through the excluded volume effect, 
crowding drives polymer folding into native states, thus improving enzyme kinetics 
and supramolecular assembly. Crowding is known to induce depletion interactions, as 
a result of which macromolecules become segregated by size due to an increase in the 
available free volume. The depletion force that exists in crowded environments 
would, for example, favour the formation of polymers from monomers. Indeed, it is 
known that depletion forces can promote the formation of actin bundles [15]. 
Depletion interactions, and hence crowding, increase the rates of chemical reactions 
in solutions [16, 17].  
 
From the above theoretical considerations, it becomes clear that crowding 
influences all biochemical reactions in the cellular interior and exterior. The total 
concentration of macromolecules within intracellular compartments and extracellular 
fluids is known to be very high: in Escherichia coli it ranges from 300 to 400 mg/ml, 
whereas the range is 50 to 400 mg/ml in eukaryotic cells. Blood plasma contains 
approximately 80 mg/ml of solutes [12, 18]. Mitochondria contain 270-560 mg/ml 
[19] and nuclei approximately 400 mg/ml [20]. This high solute concentration is 
expected to have two main consequences: (1) slowing of molecular diffusion; and (2) 
acceleration of rates of biochemical reactions [13]. An understanding of the effect of 
high solute concentration on molecular diffusion is needed to unravel the mechanisms 
underlying intracellular transport of various molecular species. These transport 
processes influence the assembly of subcellular structures such as organelles, signal 
transduction pathways, biochemical equilibria, and reaction kinetics.  
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As an effective biophysical tool, crowding has been used to stabilize nucleic 
acid helices [4], improve the performance of the reverse-transcription polymerase 
chain reaction (RT-PCR) [5], study potential antifibrotic compounds [2], and enhance 
collagen matrix deposition [6, 7]. Crowding has also been used to enhance the 
differentiation of human mesenchymal stem cells (hMSCs) into the adipogenic and 
osteogenic cell lineages [1]. The crowders which have been used to improve hMSC 
differentiation are Ficoll 70 and Ficoll 400. These molecules are synthetic and high-
molecular-weight polymers which are formed by the co-polymerization of sucrose 
with epichlorohydrin [21]. Ficoll 70 has a molecular weight of 70 kDa and a 
hydrodynamic radius of 5 nm whereas Ficoll 400 has a molecular weight of 400 kDa 
and a hydrodynamic radius of 14 nm [1]. Ficoll is a registered trademark owned by 
GE Healthcare companies. The polymers are highly branched and possess many 
hydroxyl groups, which render the Ficolls extremely soluble in aqueous media. Ficoll 
does not contain any ionized groups and is, therefore, not expected to react under 
physiological conditions. It is stable in alkaline and neutral solutions, but undergoes 
rapid hydrolysis in solution at pH 3. Ficoll is especially susceptible to hydrolysis in 
acidic conditions at high temperatures. It can be autoclaved at 110ºC for 30 minutes in 
neutral solutions. The stability of Ficoll is provided by glycosidic bonds in the sucrose 
residues. When using Ficoll, care must be taken to ensure that strong oxidizing and 
reducing agents are not present.  
 
In order to investigate the mechanism by which Ficoll enhances stem cell 
behaviour, we performed experiments that tested the effect of Ficoll on the diffusion 
of molecules in solutions spanning a wide range of concentrations. A technique 
known as fluorescence correlation spectroscopy (FCS) was used to measure the 
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diffusion of different fluorophore-labelled molecules in buffer solutions and solutions 
containing varying concentrations of Ficoll. FCS is based on the time-correlation of 
temporal fluorescence fluctuations which are detected in a focal volume [22]. These 
fluctuations are governed by dynamic parameters of the system at equilibrium. The 
power of FCS lies in its single-molecule sensitivity and its capacity to explore a broad 
range of dynamic events with high temporal resolution and good statistical accuracy. 
Low probe concentrations can be used and data acquisition involves the averaging of 
thousands of single-molecule diffusion events within short acquisition times [23]. 
Using an appropriate mathematical model, FCS can be used to obtain quantitative 
information such as diffusion coefficients, hydrodynamic radii, average 
concentrations, and chemical reaction rates. FCS has been used to demonstrate the 
anomalous diffusion of inert tracer particles in the cytoplasm of living cells over a 
wide particle size range [24]. Anomalous diffusion has been observed in the 
cytoplasm of bacteria and yeast, and in the cytoplasm and nucleoplasm of mammalian 
cells [25]. It has been observed in crowded protein solutions and on the plasma 
membrane, as well as on intracellular membranes and on artificial membranes [25]. 
 
After performing FCS measurements on Ficoll solutions, we then decided to 
determine whether or not crowding could affect diffusion in the cell surface 
membrane. Our hypothesis regarding the mechanism by which crowding enhances 
stem cell differentiation was that Ficoll affects diffusion of molecules within the cell 
membrane through the excluded volume effect. Specifically, we postulated that Ficoll 
affects the dynamics of specialised domains in the cell membrane known as lipid 
rafts. Lipid rafts are enriched in cholesterol and sphinogolipids and constitute one of 
several types of specialized lipid domains in the membrane that play a pivotal role in 
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many biological processes [26].  According to Kai Simons, lipid rafts are “fluctuating 
nanoscale assemblies of sphingolipid, cholesterol, and proteins that can be stabilized 
to coalesce, forming platforms that function in membrane signalling and trafficking” 
[27]. Various studies have suggested that lipid rafts are involved in numerous signal 
transduction pathways, apoptosis, cell adhesion and migration, synaptic transmission, 
organization of the cytoskeleton, and protein sorting during both exocytosis and 
endocytosis [28].  
 
Since our diffusion measurements in solution showed a clear difference 
between microviscosity and macroviscosity, we decided to directly test the crowding 
power of Ficoll. In addition to slowing molecular diffusion, crowders are also known 
to affect the rates of biochemical reactions [11, 12, 29]. After the experiments on the 
cell membrane, we decided to study the effect of Ficoll on the rate of two important 
cellular reactions: actin polymerisation and collagen aggregation. These two proteins 
were chosen because actin is a constituent of the dynamic cytoskeleton, while 
collagen is a key component of the extracellular matrix. Both proteins undergo 
polymerisation inside and outside cells, respectively. Actin polymerisation was 
studied through the use of a cell-free, in vitro actin polymerisation assay performed in 
aqueous solution. Collagen aggregation was also studied in a cell-free, in vitro 
solution-based system.  
 
After the experiments which characterised some of the biophysical properties 
of Ficoll, we decided to look more closely at how Ficoll interacts with cells. Patent 
literature exists from the early 1970s that describes the use of Ficoll in density 
gradient and cell fractionation experiments. Ficoll 70 has proven useful for studying 
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the circulation systems of animals. Rats that show anaphylactoid-like reactions to 
dextran can be administered Ficoll 70 instead. It has also been used in the isolation of 
cells by unit gravity sedimentation. Ficoll 400 can be used to separate many types of 
cells and organelles, e.g. membranes, chromatophores, brain vesicles, hepatocyte 
cells, fibroblast cells and Ehrlich ascites cells. Ficoll 70 and Ficoll 400 have low 
toxicity, and their favourable viscosity and osmotic properties have permitted their 
use in many biological experiments. Ficoll 400 has lower osmotic pressures than 
sucrose solutions of comparable density, which results in effective preservation of the 
morphological and functional integrity of cells and organelles. Other uses of Ficoll 
400 include concentration dialysis, electrophoresis, immunological studies, lysis and 
cell particle isolation, molecular stabilization, nucleic acid hybridization, phase 
partitioning and protein quantitation. Additionally, Ficoll is a constituent of Ficoll-
Paque, a density gradient medium which is used to separate blood into cell fractions. 
Ficoll-Paque is another registered trademark owned by GE Healthcare companies. In 
the separation of blood components, Ficoll-Paque is placed at the bottom of a conical 
tube and blood is carefully layered above the Ficoll-Paque. After centrifugation, 
different layers will be visible in the conical tube, and these layers are (from top to 
bottom): plasma and other constituents, a layer of peripheral blood mononuclear cells 
(PBMCs) called the buffy coat, Ficoll-Paque, and erythrocytes and granulocytes, 
which should be present in pellet form. This separation procedure allows for the easy 
harvesting of PBMCs. Ficoll can also be used to extract islets of Langerhans from 
pancreatic tissue. The extracted islets can then be transplanted into patients with type 
1 diabetes [30].  
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It had been assumed that Ficoll does not enter cells during cell culture. 
Although Ficoll is supposed to be inert under physiological conditions, I decided to 
challenge this long-held assumption by checking whether or not Ficoll could be taken 
up by cells. It has been shown that fluorophore-labelled dextrans and Ficolls sort 
themselves into different compartments within the cytoplasm, but this 
compartmentalization occurred only after these molecules had been microinjected into 
cells [31, 32]. We chose hMSCs and Wi38 human embryonic lung fibroblasts for the 
Ficoll uptake experiments. In addition to the uptake studies, I have conducted 
experiments to determine the kinetics of Ficoll washout from cells. 
 
After demonstrating the rapid uptake of Ficoll into cells, we proposed that 
Ficoll undergoes degradation in cellular lysosomes, which would result in the release 
of glucose and fructose intracellularly. This degradation has been demonstrated 
experimentally. I further hypothesized that these liberated monosaccharides would be 
metabolized by cells, resulting in higher proliferation rates and enhanced 
differentiation. This hypothesis has been corroborated by experiments that had been 
performed in collaboration with Dr Peng Yanxian from the Department of 
Bioengineering at NUS. Other studies have shown that high glucose concentrations 
have a positive influence on the proliferation and differentiation of hMSCs [33]. 
Accelerated cellular metabolism could lead to the enhanced proliferation and/or 
differentiation of hMSCs, as well as the accelerated deposition of collagen in the 
ECM by fibroblasts. By acting as an additional source of glucose, Ficoll would cause 
a general increase in cellular activity and performance. These findings provide an 
alternative explanation to crowding.  
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Due to the susceptibility of Ficoll to degradation and metabolism within cells, 
we decided to test the effects of another crowder on the rate of deposition of collagen 
by cells in cell culture. The susceptibility of Ficoll to metabolic consumption by cells 
may render it a less effective crowder than PVP when used in cell culture for 
extended periods. We chose polyvinylpyrrolidone (PVP) as the alternative crowder 
because, like Ficoll, it is uncharged at physiological pH and can be easily prepared for 
use in cell culture. However, unlike Ficoll, it is not derived from carbohydrate 
monomers and is not likely to be used by cells as a metabolic substrate. There is no 
known mechanism for the degradation of PVP in cells. The structure of PVP is shown 
in Fig. 1.3. The results of the experiments involving PVP as a crowder are quite 











Fig. 1.3. The chemical structure of polyvinylpyrrolidone (PVP). PVP is a water-






 After demonstrating that PVP can enhance collagen deposition through 
crowding, we realised that we had to study interactions between PVP and cells as 
well. Similar to polyethylene glycol (PEG), PVP is not biodegradable. PVP was once 
used as a plasma expander [34]. However, concerns about the carcinogenic potential 
of PVP greatly reduced its use in medical practice [34]. It was also discovered that 
PVP could cause PVP storage disease (or granuloma) [35, 36]. Due to the tendency of 
PVP to persist in the human body, we decided to perform experiments that would 
compare the fate of PVP in cells with that of Ficoll and then attempt to provide an 
explanation for the storage disease. These PVP experiments were also inspired by 
earlier work performed by Liu et al to investigate the role of PVP in the uptake of a 
photosensitising drug called hypericin by cancer cells [37]. Although the group was 
able to show that hypericin uptake was enhanced by PVP, the exact mechanism could 
not be determined. As a PVP-fluorophore conjugate was not available at the time, the 
uptake of PVP into cells could not be tested. In collaboration with Sebastian Beyer 
from the Department of Bioengineering at NUS, we were able to obtain 
tetramethylrhodamine isothiocyanate (TRITC)-conjugated PVP. Using a modified 
protocol, Dr Beyer was able to conjugate TRITC to PVP with high efficiency for the 
first time [unpublished data].  
 
 Having shown that PVP can persist in cells, we then performed experiments to 
investigate the distribution and fate of PVP in embryos of Danio rerio (zebrafish). 
These experiments were done in collaboration with Dr Kelvin See from the 
Department of Biological Sciences at NUS.  Owing to a strong need to characterize 
polymer behaviour and fate within living organisms, we realised that experiments of 
this type are very significant. Moreover, since the spatial dimensions of Ficoll and 
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PVP fall in the nanometre range, we also realised that our work on the crowding 
effects of Ficoll and PVP, and the interactions between these nano-sized polymers and 
cells, shared a common basis with the field of Nanotechnology. 
 
 Nanotechnology research has two main foci: (1) the development of 
nanomaterials and the investigation of their physical properties; and (2) the broad 
applications of these nanomaterials. Here, the biomaterials involved are able to 
function on the same length- and time-scales as all essential biochemical processes 
and, therefore, have the capability to influence many physiological processes. 
Nanomedicine has the potential to dramatically improve the prevention, diagnosis and 
treatment of disease [38]. The definition of a nanoparticle (NP) is any particle with at 
least one dimension measuring between 0 and 100 nm [39]. Ficoll 70 and 400 have 
hydrodynamic radii of 4 and 8 nm, respectively [1], while PVP40 and PVP360 have 
radii of 5.10 nm and 18.95 nm, respectively [40]. Nanoparticles include a broad range 
of materials with different properties and applications [41]. Nanoparticles are used 
extensively in the cosmetic industry [42]. They have potential applications in tissue 
engineering [43], cancer therapy [44-47], gene delivery [48-50], biosensors [51], 
diagnostic imaging [52], and drug delivery [53-55]. Commercial kits available from 
companies like Invitrogen enable us to efficiently label cells with fluorescent 
molecules and image them under the microscope. As fluorescent tags, quantum dots 
are better than conventional organic dyes because of their excellent photostability, 
relatively higher emission intensity and ability to emit at different wavelengths when 
stimulated by a single excitation wavelength. Iron-oxide-based nanoparticles are used 
as contrast agents in magnetic resonance imaging (MRI), and superparamagnetic 
nanoparticles have been used in the separation and detection of biological species 
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[56]. PVP in particular has been used as a cryoprotectant for adipose tissue-derived 
adult stem cells [57] and dental pulp stem cells [58]. The self-assembly of PVP into 
branched hollow fibres has been exploited for templating the formation of branched 
hollow inorganic fibres, which have applications in microfluidics, artificial blood 
vessel generation and tissue engineering [59]. More recently, the production of a 
biomimetic scaffold containing PVP for tissue engineering purposes has been 
described [60]. Platinum nanoparticles possess anticancer properties [61], while silver 
nanoparticles are widely used as antimicrobial agents [62]. The main concern with all 
of these nanoparticles, however, is their toxicity. Since Ficoll is biodegradable, it 
could prove to be a useful and safe nanoparticle for the delivery of drugs and other 
therapeutic agents.  
 
 In addition to this chapter (Introduction), this thesis contains seven other 
chapters which have been organised into the following sections: 
 
Chapter 2 explains the theory of macromolecular crowding. The technique 
known as fluorescence correlation spectroscopy (FCS) is described. FCS was used to 
study the biophysical properties of Ficoll. The concept of anomalous diffusion, which 
has been reported to be one of the consequences of crowding, is explained in this 
chapter. The various fitting models for FCS data are listed.  
 
Chapter 3 describes the effect of macromolecular crowding on the diffusion of 
various probes in aqueous solutions. Ficoll 70 and Ficoll 400 were used as crowders 
in these experiments. 
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 Chapter 4 discusses the effect of Ficoll on the diffusion of fluorescent probes 
in supported lipid bilayers (SLBs) and in the plasma membrane of human 
mesenchymal stem cells (hMSCs). This chapter also presents the effect of 
macromolecular crowding on the rate of actin polymerisation and the rate collagen 
aggregation in aqueous solutions. 
 
 Chapter 5 investigates the uptake, fate and distribution of Ficoll and PVP in 
hMSCs and Wi38 fibroblasts. This chapter provides data that clearly show that Ficoll 
undergoes degradation under the simulated acidic conditions of lysosomes, and that it 
is metabolised by hMSCs and Wi38 fibroblasts. 
 
 Chapter 6 presents the effect of PVP and Ficoll on the deposition of collagen I 
by Wi38 human embryonic fibroblasts and human dermal fibroblasts.  
 
 Chapter 7 investigates the distribution and fate of PVP in embryos of Danio 
rerio (zebrafish).  
  
Chapter 8 presents the conclusions and outlook of this thesis  
 
In summary, this thesis addresses the following issues: (1) the effects of 
macromolecular crowding on the diffusion of molecules and biochemical reaction 
rates; (2) a comparison between the crowding effects of Ficoll and PVP; (3) the 
uptake and fate of Ficoll and PVP in human cells; and (4) the distribution and fate of 
PVP in zebrafish embryos. The objective of this thesis was to determine the 
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mechanism by which synthetic polymers could increase cell proliferation rates and 


























Chapter 2: Theory & Methodology 
 
In the first part of this chapter, the theory underlying macromolecular 
crowding is presented. After the introduction to crowding, the concept of 
microviscosity in polymer solutions is explained. Following the section on 
microviscosity, the topic of anomalous diffusion is introduced. In the second part of 
the chapter, the theory governing the technique of fluorescence correlation 
spectroscopy (FCS) is explained. A description of the FCS instrumental setup used for 
all diffusion measurements reported in this thesis is provided and is followed by a 
discussion of how FCS can be used to study anomalous diffusion. The last section of 
this chapter explains the FCS data analysis procedure and lists all the fitting models 
that have been used.  
2.1 Theory 
2.1.1 Macromolecular Crowding 
 
Macromolecular crowding (MMC) is known to affect the diffusion of 
molecules [13] and the rate of biochemical reactions [14]. The excluded volume effect 
(EVE) can be a consequence of macromolecular crowding or macromolecular 
confinement. Macromolecular crowding is defined as the effect of excluded volume 
on the energetics and transport properties of macromolecules within a solution 
containing a high total volume fraction of macromolecules. Macromolecular 
confinement is defined as the effects of excluded volume on the free energy and 
reactivity of a macromolecule situated in a cavity, bounded by impenetrable walls, 
having a smallest interior dimension only slightly larger than the largest dimension of 
the macromolecule [14]. Both crowding and confinement can exert effects on 
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chemical reaction equilibria, chemical reaction rates and protein folding [63]. As 
crowding affects cell behavior, its properties have to be recognised and systematically 
investigated in order to understand how cells and tissues function in a physiological 
context. Crowding should be taken into consideration in studies of isolated 
macromolecules at defined concentrations in a test tube or in studies of 
macromolecules in cells or whole organisms. Armed with knowledge about crowding 
effects, the quality of experiments can be greatly improved. The fruits of crowding 
research could lead to untold benefits in such diverse fields of research as molecular 
biology, stem cell biology, tissue engineering, drug design, and drug delivery.  
 
The results of both experimental and theoretical work demonstrate that 
crowding affects a broad range of biochemical, biophysical and physiological 
processes in vitro and the changes can span one or more orders of magnitude. 
Crowding affects molecular diffusion [13], association rates, association equilibria, 
conformational isomerisation, protein stability with respect to denaturation and 
enzyme activity [14]. In cells, there exists a high concentration of different types of 
macromolecules. These macromolecules include proteins, carbohydrates and nucleic 
acids. The fractional volume occupancy (FVO) ranges from 20 to 30% [12]. This 
occupied volume is physically unavailable to other molecules due to non-specific 
steric repulsion, leading to thermodynamic and kinetic effects on the properties of 
these macromolecules. The mutual impenetrability of all solute molecules is a key 




Excluded volume depends on the concentrations, shapes and sizes of all 
molecules present [11]. Non-specific interactions are an unavoidable consequence of 
crowding (and confinement) in physiological fluid media. It was claimed two decades 
ago that crowding is a form of “non-ideality” which should be ignored [64]. However, 
based upon the established biochemical and biophysical properties of cells and 
organisms, it is manifestly clear that crowding effects cannot be ignored when we try 
to relate experimental observations made in vitro to physiological processes in vivo. 
We now know that crowding is an important and powerful tool which can be 
exploited in vivo [11].  
 
In a typical biological experiment, it is assumed that the conditions are “ideal”, 
i.e. conditions under which the finite size of the molecules has no effect. The 
experimental measurements are extrapolated to zero concentration [12]. However, the 
steric effects of molecules cannot be ignored because the total concentration of 
macromolecules in biological systems is often quite high (300 to 400 mg/ml). We can 
consider the effect of volume exclusion on a solute molecule in the following manner 
[12]: 
 




i i i                                                       [2.1] 
 








i is the standard state chemical potential of species i 
k is Boltzmann’s constant 
T is the absolute temperature 
ic is the concentration expressed in units which are proportional to the density of 
molecules. These units could be, for example, molar (M) or w/v units.  
 
The non-ideal contribution is the change in free energy that is associated with the 
equilibrium free energy of interaction between a molecule of solute species i and all 
other solute molecules in the solution: 
 
                     
lnnonideali ikT      
                                       [2.3] 
 








   
where  
fi is the fugacity of solute species i. [The fugacity coefficient, i , represents the 




Combining equations 2.1-2.3 above yields: 
 
0 lni i iRT a                                                        [2.4] 
 
where i i ia c . 
ia  is an effective concentration called thermodynamic activity.  
 
When the concentration of solutes is large, it would not be correct to neglect 
the effects of solute-solute interactions because the non-ideal contribution would be 
significantly larger than in the case where the ideal contribution predominates. In the 
very dilute case, the non-ideal contribution to the chemical potential can be ignored 
and i ia c  for all solute species. In a crowded environment, such as the cell 
cytoplasm, we can no longer safely assume that i ia c . Due to the excluded volume 
effect, the thermodynamic activity of some macromolecular species in such a crowded 
system may exceed their actual concentrations by several orders of magnitude [12]. 
 
Let us examine two examples. Firstly, the activity coefficient of haemoglobin 
has been obtained by quantifying the relationship between osmotic pressure and 
actual haemoglobin concentration [65]. It was found that the activity coefficient varies 
nonlinearly with the actual concentration. At 200 mg/ml, the effective concentration 
exceeded the actual concentration by ten-fold, and at 300 mg/ml, the difference was 
100-fold. Other studies have reported large increases in activity coefficients of 
molecules in extracts of E. coli cells [11, 66]. Secondly, the activity coefficient of a 
macromolecule was found to increase drastically with respect to its molecular weight. 
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As the molecular weight passes 3000, the activity coefficient increases three-fold. As 
the molecular weight crosses 50,000, the activity coefficient exceeds two orders of 
magnitude. Thus, there is a stark change in thermodynamic activity when large 
molecules exert their crowding effects on other large molecules and hence the term 
“macromolecular crowding”. It is for this reason that macromolecular crowders like 
Ficoll 70 kDa and Ficoll 400 kDa have been used to drive stem cell proliferation and 
differentiation. 
 
2.1.2 Microviscosity and Macroviscosity 
 
 
 Solutions of high-mass, synthetic polymers such as Ficoll and dextran are used 
to mimic the crowded environment which exists inside and outside cells. In order to 
understand how such polymer solutions can stabilise protein solutions, promote 
crystal growth and enhance enzymatic activity (to name just a few of the effects of 
these solutions) we need to be aware that such polymers change their behaviour in 
solution as a function of concentration [67].  
 
Fig. 2.1 illustrates three different regimes in polymer solutions: dilute (panel 
1), semi-dilute (panel 3) and concentrated (panel 4). Panel 2 illustrates the crossover 
concentration (or crossover polymer fraction), *, at which the polymer molecules 
start to overlap with each other. * is defined as the polymer concentration that is 
required to convert dilute solutions to semi-dilute [68] and is one polymer 
characteristic that we should consider when dealing with polymer solutions. 
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 A second characteristic of polymers that needs to be considered is the 
persistence length, Lp. This length is defined as the length, in monomer units, above 
which a polymer molecule becomes semi-rigid or flexible [68]. On the basis of * and 
Lp, it appears that high-mass polymers form flexible networks in solution, thus 
creating a porous medium [69-71].  This porous medium contains free space that is 
large enough for proteins to diffuse freely, thus explaining why, for example, protein 
aggregation can increase as the polymer concentration increases and, concomitantly, 
as the bulk viscosity increases. It also explains why the viscosity experienced by a 
molecular probe, whose size is on the order of a protein molecule or less, is different 
from the viscosity of the bulk solution. The viscosity sensed by the probe is called the 
microviscosity and the bulk viscosity that is sensed by a device such as a rheometer 






Fig. 2.1. The different concentration regimes in polymer solutions. This is a schematic 
representation of proteins in crowded polymer solutions. Proteins are depicted as 
spheres (A or B) and polymers as flexible lines. Panel 1: Dilute regime, the polymer 
coils hardly interact with the proteins or with themselves. The polymer concentration 
is too low to produce a substantial depletion interaction between the proteins. Panel 2: 
Crossover concentration, c
*
, the polymers retain their structure but begin to overlap 
with each other. The depletion and repulsion interactions are roughly balanced. Panel 
3: Semi-dilute regime, the polymers form a dense network. Proteins are suspended in 
the resulting viscous solution, with a polymer cage being formed around the two 
proteins. Panel 4: Concentrated regime, the polymers are very densely packed and 
there is very little solvent in the system, resulting in a smaller solvent cage around 
each protein. Penetration of polymer molecules into the area between the proteins can 
hinder formation of complexes. [Reprinted from Biophysical Journal, vol 92, Kozer at 
al., “Protein-protein association in polymer solutions: From dilute to semidilute to 
concentrated”, pp.2139-2149, Copyright (2007), with permission from Elsevier.] 
 
 
 A comparison between microviscosity and macroviscosity has shown 
deviations from the Stokes-Einstein equation in dextran solutions [72]. When a probe 
demonstrates only one mode of translational diffusion, as in the case of simple 








             [2.5] 
  
where 
D  is the diffusion coefficient (for three-dimensional diffusion) 
k  is the Boltzmann constant 
T  is temperature 
 is the bulk viscosity (or macroviscosity) of the solution 
Hr is the hydrodynamic radius of the diffusing particle.  
The authors of that study suggest that the deviations could be due to a major 
component of microviscosity existing in the dextran solutions, which is smaller than 
the macroviscosity in magnitude. The diffusion of fluorescent probes in dextran 
solutions was measured by fluorescence correlation spectroscopy, from which 
measurements the microviscosity was obtained. The macroviscosity of these solutions 
was measured by rheometry. Other studies have reported diffusion coefficients of 
proteins that suggest a difference between microviscosity and macroviscosity [73-75]. 
On the basis of these previous studies, we can define microviscosity as the frictional 
force experienced by a molecule diffusing in a polymer solution due to interactions 
with its environment at the micrometre length scale. The presence of flexible polymer 
chains at defined concentrations would create a “microenvironment” at this length 
scale.  In the semi-dilute concentration regime for a high-mass polymer (Fig. 2.1), a 
probe molecule would be diffusing in a porous medium and would thus sense the 
microviscosity at a given lengthscale. The friction experienced by the probe does not 
necessarily agree with the bulk viscosity because the former is a measure of the 
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probe's local friction, whereas the latter would measure the friction experienced by an 
infinitely large probe. The microviscosity is a function of both the crowding density 
and relative size of each co-solute in a mixture. These two factors would contribute to 
the measured microviscosity, which would be reflected in the altered translational 
mobility [76]. 
 
The differences between these two viscosities could result in another 




2.1.3 Anomalous Diffusion 
 
Diffusion in complex media such as dense polymer solutions and the 
cytoplasm may be hindered by interactions with obstacles, transient binding or 
crowding [18]. When this occurs, the diffusion of molecules becomes anomalous and 
there is a distribution of diffusion times: the mean-square displacement (MSD) does 
not increase linearly with time: 
 
                                     
2( ) ,    1    r t t t                [2.6]  
 
Anomalous diffusion has been reported in living cells [77-80] and in controlled in 
vitro experiments [17]. The rates of chemical reactions may change significantly in 
crowded solutions [14, 29, 81]. Even though anomalous diffusion has been observed 
frequently in crowded fluids, the origin of the anomaly, i.e. the microscopic 
mechanics of crowding-induced anomalous diffusion, has remained controversial 
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[82]. Some prominent models are the continuous time random walk (CTRW) [83], 
fractional Brownian motion (fBm) [84], and obstructed diffusion in a disordered 
environment (O.D.) [85].  
 
 Molecular crowding is known to (1) affect solute diffusion by increasing the 
macroviscosity of the medium [11]; (2) cause depletion interactions which results in 
macromolecules segregating according to their size. This segregation occurs because 
of an increase in the free volume that can be accessed by solutes upon aggregation 
[86]; and (3) affect the rates of chemical reactions that occur in solution [11, 63]. 
Within cells, crowding affects diffusion of proteins and nucleic acids, molecular 
recognition [87], protein assembly [88], and protein folding [89, 90]. With respect to 
the experiments that were performed on the diffusion of tracer molecules in solution, 
one question was whether or not tracer diffusion deviated from simple diffusion 
according to a given model (e.g. globular or random-coil polymer solutions).  
 
 It is known that the mean-square displacement (MSD) of a particle diffusing in 
three dimensions is given by  
 
 
2( ) 6r t Dt                [2.7] 
 
We know from the Stokes-Einstein relation that the diffusion coefficient, D , is 
related to the macroviscosity of the medium ( ) and the hydrodynamic radius of the 
diffusing particle ( Hr ). 
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Fick’s law is an established phenomenological law for describing diffusion in 
isotropic fluids. However, there is no reason to assume that it can be applied to a more 
complex system such as a crowded environment [91]. In complex media, the MSD 
would be expected to obey a power law: 
 
2( ) 6r t t             [2.8] 
 
 is a constant that does not depend on time and is known as the transport factor and 
has dimensions of length-squared per fractional time [18]. If the exponent,  ,  does is 
less than 1, then diffusion is said to be anomalous. From the above relation we can 
define an apparent diffusion coefficient ( )D t  that would depend on the timescale or, 
equivalently, the lengthscale of the measurements: 
 
1( )D t t           [2.9] 
 
With an appropriate definition for ( )D t , the propagator associated with this 
power-law scaling is mathematically valid and the model parameters can be 
rigorously understood in terms of the physical parameters of the sample and the 
measurement system [18]. Anomalous diffusion has been observed in a wide variety 
of experimental systems and the detailed characterization of the nature and origin of 
such observations is of considerable interest and importance [85, 92]. 
 
 Fluorescence correlation spectroscopy (FCS) has been used widely to measure 
diffusion within complex environments [17, 24, 77]. In this thesis, FCS was used to 
investigate anomalous diffusion in crowded solutions. 
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The physical properties of diffusion are characterized by a density distribution 
function [18]: 
 
( ,( ) | , )f t tr' r                                       [2.10] 
 
The above propagator solves the diffusion equation and gives the probability that a 
particle situated at position r at time t will be found at position r’ at time t  . For 
normal Brownian motion, the propagator is a Gaussian distribution [93].  
 
 The standard diffusion coefficient defined by Fick’s law and the 
corresponding diffusion equation cannot describe the nonlinear dependence of the 
MSD on time. There is also no comparable propagator for anomalous diffusion. A 
number of approaches have been introduced to model anomalous dynamics [83, 85, 
93]. One simple approach to model anomalous diffusion adopts the time-dependent 
diffusion coefficient or apparent diffusion coefficient described above. With FCS, the 
aim is to determine whether or not the experimental autocorrelation function, ( )G  , is 
governed by anomalous diffusion. In the case of normal diffusion, the propagator 
1 2( , , )G r r  of the density of diffusing particles and the illumination profile (which is 
approximated by a three-dimensional Gaussian function) can be used to derive the 
expression for autocorrelation decay [24]. The propagator is Gaussian and satisfies the 
diffusion equation. In the case of anomalous diffusion, an approximation is made in 
which 1 2( , , )G r r   is determined by using equation 2.9 so that ( ) ( ).v t D t t . This 
approximation becomes problematic for small times because D diverges as t → 0.  
  
 30 
 Assuming no spatial heterogeneity in ( )D t , we can write an extended 
diffusion equation from Fick’s first law and the continuity equation [24, 94]: 
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           [2.12] 
 
The MSD is given by the following equation: 
 
2( ) 2 ( ).appMSD r t nD t t             [2.13] 
 
( )appD t is proportional to the slope of the line that connects the origin with the MSD at 
a particular time point. ( )appD t specifies the diffusion coefficient that would produce 
the observed MSD at a given diffusion time if the dynamics followed free diffusion. 
Thus, it represents the time-averaged mobility. A previously published propagator 
based on the extended diffusion equation and ( )appD t does not correctly capture the 
power-law scaling for different values of   [24, 95]. The published propagator poses 
a problem because it does not appear to solve the extended diffusion equation, 
resulting in widespread confusion regarding its validity and leading to inconsistencies 
between published fitting functions for analysis of FCS data and anomalous diffusion 
models [24, 96]. 
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 According to Wu and Berland, the extended diffusion coefficient is supposed 
to describe the temporal behaviour of the diffusive density distribution function, and 
( )D t  in equation 2.11 above should represent the instantaneous time dependence of 
the MSD rather than the time-averaged quantity represented by ( )appD t . Thus, a more 
correct value to describe the anomalous diffusion temporal evolution and to use for 
( )D t  in equation 2.11 is the instantaneous diffusion coefficient (Fig. 2.2), which is 
defined in terms of the time-dependent slope of the MSD versus time, with [97]: 
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Fig. 2.2. The apparent diffusion coefficient, Dapp, is the commonly used definition for 
( )D  . Dapp is determined at time  from the slope (2nDapp) of a straight line between 
the origin and ( )MSD  (dotted line). The instantaneous diffusion coefficient, Dins, is 
found from the local slope of ( )MSD  at time  (dashed line), where 2nDins is the 
slope. [Reprinted from Biophysical Journal, vol 95, J Wu & KM Berland, 
“Propagators and time-dependent diffusion coefficients for anomalous subdiffusion”, 




The definition for ( )insD t differs from ( )appD t by a factor  . If ( )insD t  is used 
for ( )D   in equation [2.11], the anomalous diffusion propagator is easily obtained by 
standard methods: 
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r r          [2.15] 
 
By using ( )insD t in equation 2.11, it becomes possible to show that equation 2.15 
solves the diffusion equation and gives the correct power-law scaling of MSD versus 
time [17]. The solution of the diffusion equation leads to a clear definition for the FCS 
diffusion time, D ,which can then be related to the anomaly factor,  , and the 
transport factor,  . 
2.2 Methodology 
2.2.1 Fluorescence Correlation Spectroscopy  
 
 Fluorescence correlation spectroscopy (FCS) is a technique in which the 
fluorescence intensity originating from a very small observation volume is analysed to 
extract information about the processes that cause the fluctuations in fluorescence. 
One such process is Brownian motion, which stochastically causes molecules to enter 
and exit the observation volume. The constant movement of fluorescent molecules 
through the volume causes their local concentrations to fluctuate, which, in turn, 
causes fluctuations in the fluorescent signal emanating from this volume. The relative 
fluctuation amplitude of a signal is inversely proportional to the number of molecules 
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where C  is the concentration of the molecules and N  is the number of molecules 
[98]. As the number of molecules decreases, the fractional fluctuations become larger. 
For a given concentration C  , the magnitude of the fluctuations increases with 
respect to molecular weight. By measuring these fluctuations, we can calculate the 
number of molecules N  in a given volume V using equation [2.16]. From the average 
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 Fluorescence fluctuations caused by the diffusion of molecules through the 
observation volume of a confocal microscope are recorded and then analysed to 




Fig. 2.3. Schematic diagram of the fluorescence correlation spectroscopy (FCS) setup 
used to measure diffusion of fluorophore-tagged probes in solutions of crowder 
molecules, in supported lipid bilayers (SLBs), and in the plasma membrane of cells. 
(A) A confocal microscope is used to focus a laser beam into the sample, thus 
establishing an observation volume through which molecules can diffuse and be 
detected. The signal detected by the avalanche photodiode (APD) that is placed after 
the confocal pinhole forms an intensity trace (B) which is then auto-correlated (C) to 
yield the auto-correlation function (ACF). D , which is the characteristic decay time 
of the ACF, is obtained by fitting the ACF with an appropriate physical model 
describing translational diffusion. The D  obtained from such a fit is referred to as the 
diffusion time. (Figure adapted from Liu Ping) 
 
Two variables may be correlated, anti-correlated or uncorrelated. The 
correlation between two variables, a and b, can be measured and expressed 
mathematically. If two variables are correlated, they will change with a similar pattern 
and this pattern is reinforced when they are multiplied. As in the case of another 
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technique called dynamic light scattering, the following relationship holds between 
the average values of a, b, and the product ab [99]: 
 
.a b a b                                                [2.18] 
 
If a and b are correlated, anti-correlated or uncorrelated, the product .a b will be 
larger, smaller or equal to a b , respectively. By normalising .a b with a b , 





                                                  [2.19] 
 
g = 1 indicates uncorrelation, g < 1 indicates anti-correlation and g > 1 indicates 
correlation. 
 
 The auto-correlation between values of the same variable or the cross-
correlation between values of different variables can be calculated. In order to obtain 
the auto-correlation function (ACF) in FCS, the fluorescence signal at different points 
in time, e.g. ( )F t and ( )F t  , can be compared.   describes the difference in time. 
A correlation will exist only if a variable persists for longer than  . Therefore, the 
ACF describes the self-similarity of the signal F . 
 
 Following from equation 2.19, we can derive the ACF which describes the 
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                       [2.20] 
 
The right-hand side is based upon the assumption that the process being studied is 
stationary, which means that the statistical properties of the process are invariant with 
respect to a shift in time. As a result, ( ) ( )F t F t  .  
 
Equation 2.20 defines the fluorescence signal correlation function, whereas in 
literature the fluorescence fluctuation correlation function is sometimes used. 
Fluorescence signal fluctuations, ( )F t , are defined as deviations from the average 
fluorescence signal, ( )F t : 
 
( ) ( ) ( )F t F t F t                                         [2.21] 
 
The fluorescence fluctuation correlation function can be derived from the 
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            [2.22] 
 
The property that the average of the fluctuations over time is 0, i.e. 
( ) 0F t  , has been used. The above derivation shows that the fluctuation 
correlation function differs from the signal correlation function only by a factor of 1. 
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The fluorescence signal ( )F t and its fluctuations ( )F t  originating from a 
sample as measured by an instrument over space, ( , , )r x y z , is given by: 
 
( ) ( ). ( ). ( ). ( , )F t I r CEF r S r C r t dr                          [2.23] 
( ) ( ). ( ). ( ). ( , )F t I r CEF r S r C r t dr                          [2.24] 
 
where 
 is a product of the fluorophore absorption cross-section, its quantum yield, and the 
overall detection efficiency of the system; 
( )I r is the illumination intensity profile; 
( )CEF r is the normalised collection efficiency function of the system for different 
points in the system; it is given by the transmission function of the pinhole ( )T r and 
the point-spread function of the microscope ( )PSF r [101]: 
 
( ) ( ). ( ).CEF r T r PSF r dr                                [2.25] 
and 
( )S r is a function that describes the extension of the sample 
( , )C r t and ( , )C r t are functions that describe, respectively, the concentrations of 
particles and their fluctuations within the sample. 
  
By inserting equations 2.23 and 2.24 into equation 2.22, we can re-write the 
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Equation 2.26 can be solved numerically or analytically for different illumination 
profiles, collection efficiency functions, and functions that describe the fluctuation in 
fluorescent particles. This fluctuation can be due to diffusion, flow, chemical 
reactions or fluorophore blinking [100]. 
 
 In a confocal microscopy setup, the laser illumination profile and the removal 
of out-of-focus light by the pinhole can both be approximated by a simple rotationally 
symmetric function that is Gaussian in all three dimensions [100]: 
 
2 2 2 2 2 2




( ) ( ). ( ). ( )
x y zP
W r I r CEF r S r e e e
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                  [2.27] 
 
where 0 and 0z are the distances at which the laser beam has decreased to 
21 e of the 
intensity maximum at the centre of the beam. The correlation of concentration 
fluctuations is given by the diffusion propagator [102]: 
 





























2 2 2 2 2 2 2 2 2
0 0 0















x x y y z z z
x y z z
W r W r C r t C r t drdr
G
C W r dr
e
e e e drdr
D


















                 [2.29] 
 
The following solution is obtained upon integration: 
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0 0z  applies to the 3D Gaussian profile defined by ( )W r in equation 2.27. It is 
generally a constant and depends on the actual observation volume, ( )W r .  
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                         [2.31] 
 
where  
N  is defined as the apparent number of particles in the observation volume. The 
relationship between N and the actual concentration depends on ( )W r ; 
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G is the convergence value and takes a value of 1 for an infinite measurement time. 
It is introduced as a free parameter. 
 
For all the measurements reported in this thesis, a laser beam with a Gaussian 
laser beam profile for excitation and a confocal pinhole were used to create the 
observation volume. The observation volume generated in this setup can be described 
to a good approximation by a three-dimensional Gaussian function [103, 104]. If 
0 and 0z  are the characteristic radial and axial dimensions, respectively, of the 
confocal volume where the Gaussian function decays to 21 e of its value at maximum, 
the following relationship can be derived between the autocorrelation function 
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                        [2.32] 
 
The diffusion time D  is defined as the average time taken by a molecule to diffuse 
radially through the observation volume of the confocal microscope. The size of this 
volume depends on the laser wavelength and the optics of the specific instrument 
used. Hence, the diffusion time will vary from setup to setup. The diffusion 
coefficient can be calculated from the diffusion time using the following equation: 
 






                                 [2.33] 
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For diffusion in two dimensions, such as in a cellular membrane or a supported lipid 
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2.2.2 FCS Instrumental Setup 
 
The FCS system was built around an FV300 Olympus laser scanning confocal 
microscope in which an additional FCS module was coupled to the microscope. The 
excitation beam from a 543-nm HeNe ion laser (Melles Griot, Singapore) was 
reflected by an excitation dichroic mirror and a scanning mirror, and then focused by 
a water immersion objective (60X, NA1.2, Olympus) into the fluorescent sample. The 
emission light after the confocal pinhole was focused by a lens (Achromats f = 60 
mm, Linos), and separated from the excitation light by an emission filter (593/40, 
Semrock, NY). This light was collected on an active area of an avalanche photodiode 
(APD) in a single-photon-counting module (SPCM-AQR-14, Pacer Components). 
The transistor-to-transistor logic output signal from the APD was processed online by 
an autocorrelator (Flex02-01D) or (Flex02-12D, correlator.com) to obtain an 
experimental autocorrelation curve. Curve fitting was carried out using a self-written 








2.2.3 FCS and Anomalous Diffusion   
 
 Fitting models in FCS are derived using a model for the observation volume 
[95, 105, 106] and an appropriate physical representation of the underlying molecular 
dynamics. Using the propagator defined by equation 2.15, the autocorrelation function 
for anomalous diffusion is: 
 




                [2.35] 
 
where C  is the molecular concentration. The characteristic time, D , is defined in 
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  respectively 
[93, 107]. The structure factor is defined as 0 0x z  . In contrast to fitting models 
published elsewhere, the structure factor is not raised to the exponent   in equation 
2.35. With the above mathematical formulation, the diffusion time D  can be defined 








2.2.4 FCS Data Analysis 
 
FCS experimental autocorrelation curves were fitted with a suitable 
correlation function using an iterative procedure which applied the Levenberg-
Marquardt algorithm to minimize χ2. Curve-fitting was performed using a self-written 
procedure in Igor Pro (Wavemetrics, OR, USA). Fitting models for 3-dimensional-1 
particle -1 triplet, 3-dimensional-2 particles-1 triplet, 3-dimensional-2 particles-1 
triplet-anomalous diffusion and 2-dimensional-1 particle-1 triplet (membrane 
diffusion) were used where appropriate.  
 
The equations for the respective models are as follows: 
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           [2.37] 
 
where  
N  is the number of particles in the observation volume 
d  is the diffusion time of the molecular species 
Trip  is the triplet state relaxation time 
TripF  is the fraction of the triplet state molecules 
K  is the structure factor, which is equal to z0/0, and 0 and z0 are the radial and axial 
distances from the focal point where the laser intensity has decreased by a factor of  
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where  
1d  and 2d  are the diffusion times of the different particle species and 2F  is the 
number fraction of the second particle. 
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 is the anomaly factor 
1d is the diffusion time of the fast-diffusing species 
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d is the diffusion time of the species that undergoes anomalous diffusion 
F  is the number fraction of the particle undergoing anomalous subdiffusion. 
 
The diffusion times of fluorophores can be obtained from these fits for 
diffusion in three dimensions and used to calculate the corresponding diffusion 
coefficients.  
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where  
N  is the number of particles in the observation volume 
D  is the diffusion time of the molecular species 
Trip  is the triplet state relaxation time 





Chapter 3: The Effect of Macromolecular Crowding 
on Molecular Diffusion in Solutions 
3.1 Introduction 
 
When used as a macromolecular crowder, Ficoll is capable of enhancing the 
differentiation of human mesenchymal stem cells (hMSCs) into adipocytes. hMSCs 
which are treated by the differentiation induction cocktail in the presence of a Ficoll 
mixture contain a larger amount of lipid droplets, as shown by Nile red staining [1]. 
The differentiation of hMSCs into osteoblasts can also be enhanced by the same 
Ficoll mixture, as demonstrated by a higher amount of calcification in the 
differentiated cells. Calcification is detected by Alizarin red staining. On the basis of 
these experimental findings, we concluded that there is a need to characterise the 
biophysical properties of Ficoll in relation to its crowding effects. Since crowding is 
known to affect molecular diffusion, we decided to begin our characterisation by 
studying the diffusion of probe molecules in solutions of Ficoll 70 and Ficoll 400.  
  
Using fluorescence correlation spectroscopy (FCS), it is possible to measure 
the diffusion time, D , of a freely diffusing fluorophore-tagged molecule in solutions 
of a given solute. The diffusion of TRITC-tagged Ficoll 70 and Ficoll 400 in solutions 
of unlabelled Ficoll 70 and Ficoll 400 was measured by FCS. Ficoll solutions with 
concentrations in the 0 – 300 mg/ml range were prepared for these experiments. These 
concentrations were chosen because they correspond to physiological intracellular and 
extracellular solute concentrations [12].  
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The manner in which intracellular and extracellular solutes affect the diffusion 
of single molecules is not yet fully understood. It is known that diffusion can be 
affected by macromolecular crowding, immobile obstacles and binding events. In 
solutions of a solute such as Ficoll, we would expect diffusion to decrease with 
increasing bulk viscosity (macroviscosity). However, it has been shown that the 
diffusion of single molecules depends on the microviscosity [72]. Both crowding 
density and the size of a solute will determine the microviscosity, which can change 
translational mobility. The total volume consists of the excluded volume and the 
volume in which a probe can freely diffuse. The excluded volume is a function of the 
density of the obstacles, their sizes and the size of the diffusing probe. Microviscosity 
is thus directly related to the excluded volume. The microviscosity experienced by a 
probe molecule may be different from the macroviscosity of the solution. In order to 
gain a better understanding of Ficoll’s influence on molecular diffusion, we studied 
the relationship between diffusion of TRITC-Ficoll molecules and the bulk viscosity 
of Ficoll solutions.   
 
Another known consequence of macromolecular crowding is anomalous 
diffusion [13, 17, 24, 77]. We have analysed all our diffusion measurements from the 
Ficoll solutions using the anomalous diffusion FCS fitting model given by equation 
2.26 in order to determine the degree of anomaly in these solutions. Both 






3.2 Materials and Methods 
 
Fluorescent Dyes 
Atto565 was purchased from Sigma-Aldrich (Singapore) and TRITC-labelled Ficoll 
20 (Fc20-TRITC), Ficoll 40 (Fc40-TRITC), 70 (Fc70-TRITC) and Ficoll 400 (Fc400-
TRITC) were purchased from TdB Consultancy AB (Sweden).  
 
Preparation of Crowder Solutions 
Solutions of macromolecules spanning a wide range of concentrations were prepared 
in Hanks Balanced Salt Solution (HBSS, Gibco-Life Technologies). HBSS was the 
buffer of choice because it mimics physiological electrolyte concentrations and pH.  
The macromolecules used were Ficoll 70 kDa (GE Healthcare) and Ficoll 400 kDa 
(GE Healthcare). Mono-crowder solutions (i.e. solutions containing only one size of 
Ficoll) of Ficoll 70 and Ficoll 400 were prepared in a concentration range of 0 to 300 
mg/ml at room temperature. The Ficoll mixture was prepared by dissolving 37.5 
mg/ml of Ficoll 70 and 25 mg/ml of Ficoll 400 in HBSS at room temperature. Two 
additional concentrations of the Ficoll mixture were prepared in HBSS at room 
temperature: (1) 62.5 mg/ml of Ficoll 70 and 50 mg/ml of Ficoll 400, and (2) 18.75 
mg/ml of Ficoll 70 and 12.5 mg/ml of Ficoll 400.  
 
Viscosity Measurements 
The viscosity of crowder solutions was measured using a Brookfield DV-II+ cone-
and-plate viscometer (Brookfield Engineering Laboratories, Inc., Middleboro, MA, 
USA) at room temperature. 
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Measuring probe diffusion by Fluorescence Correlation Spectroscopy (FCS) 
FCS measurements were performed on nanomolar concentrations of Atto565, TRITC-
Ficoll 70 and TRITC-Ficoll 400 in solutions of Ficoll 70 and Ficoll 400. FCS 
measurements were also performed on Atto565 in glycerol solutions. FCS 
measurements were performed at room temperature and the acquisition time of each 


















3.3 Results and Discussion 
 
In order to understand the effects of high molecular weight solutes such as 
Ficoll 70 and Ficoll 400 on the diffusion of molecules in solutions, the viscosities of 
these solutions covering a wide concentration range were first measured. The 
concentration range chosen was 0 to 300 mg/ml because the approximate 
concentration of crowders in cells falls within this range. The viscosities of both 




Fig. 3.1. The viscosities of solutions of Ficoll 70 and Ficoll 400 over a wide 
concentration range. The viscosities for both Ficoll 70 and Ficoll 400 increase 
exponentially with respect to concentration. 
 
  
As the Ficolls are routinely used as additives in cell culture to promote 
proliferation and differentiation, it is important to know how these solutes change the 
viscosity of the cell culture medium. In the context of Ficoll-induced macromolecular 
crowding and cell proliferation and differentiation, the viscosity of the Ficoll solutions 
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had hitherto never been measured. Hydrodynamic methods such as fluorescence 
correlation spectroscopy (FCS) allow the translational diffusion and intrinsic viscosity 
of macromolecules to be determined. These characteristics depend, in turn, on the 
viscosity of the solvent and on particle properties, which are important for the 
characterisation of macromolecular structures and interactions [98].  
 
From the viscosity measurements reported here, it is quite obvious that, 
starting at a concentration of 100 mg/ml of Ficoll 70 and Ficoll 400, the viscosity 
increases quite dramatically. Administering highly viscous Ficoll solutions to cells 
may have negative consequences owing to a severe retardation of molecular diffusion 
in the culture medium. 
 
To test the relationship between diffusion time ( D ) and viscosity ( ) on our 
FCS setup, measurements of the diffusion of a small probe called Atto565 were 
performed in different concentrations of glycerol (Fig 3.2). The viscosity of glycerol 







Fig. 3.2 The diffusion time ( D ) of the small probe Atto565 was measured in 
different concentrations of glycerol (0 to 80 weight%). D varies linearly with respect 
to the viscosity of solutions of glycerol. 
 
 
Since glycerol is a pure viscogen, D is expected to increase linearly with 






                                                   [3.1] 
 
where  
D  is the diffusion coefficient  
k  is the Boltzmann constant 
T  is temperature 
 is the bulk viscosity (or macroviscosity) of the solution 
Hr  is the hydrodynamic radius of the diffusing particle.  
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In the FCS setup used, the correlation time ( D ), which is also referred to as the 








                     [3.2] 
 
where 0  is the axial distance from the focal point where the laser intensity has 
decreased by a factor of 2e .  
 
Fig. 3.2 shows that D of Atto565 increases linearly with increasing 
concentrations of glycerol. These results agree with equation 3.1. Representative 
autocorrelation functions (ACFs) for these measurements are shown in Fig. 3.3. 
 
 
Fig. 3.3 Representative autocorrelation functions (ACFs) from measurements of the 
diffusion of Atto565 in glycerol solutions spanning a concentration range of 0 – 80 
weight%. The fitted curves are depicted in red. [Red curves = experimental ACFs and 




When the diffusion of Atto565 was investigated in solutions of Ficoll 70 and 
Ficoll 400, the relationship between D  and macroviscosity was found to be nonlinear 
(Fig. 3.4). These results suggest that there is a difference between the viscosity of the 












Fig. 3.4. The diffusion time (D) of the small probe Atto565 was measured in different 
concentrations of Ficoll 70 and Ficoll 400. D varies nonlinearly with respect to the 
viscosities of Ficoll 70 and Ficoll 400. 
 
 
Representative ACFs for these measurements are shown in Fig. 3.5. 
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Fig. 3.5 Representative autocorrelation functions (ACFs) from measurements of the 
diffusion of Atto565 in solutions of Ficoll 70 and Ficoll 400 solutions spanning a 
concentration range of 0 – 300 mg/ml. [Red curves = experimental ACFs and 
coloured curves = fitted ACFs.] 
 
 
Measurements performed with TRITC-Ficoll 70 and TRITC-Ficoll 400 as the 
probes diffusing in Ficoll 70 and Ficoll 400 solutions also revealed that D  varies 
nonlinearly with macroviscosity (Fig. 3.6). Representative ACFs for these 
















Fig. 3.6. The diffusion time (D) of TRITC-Ficoll 70 and TRITC-Ficoll 400 was 
measured over a wide range of viscosities of unlabelled Ficoll 70 and Ficoll 400. D of 
TRITC-Ficoll 70 and TRITC-Ficoll 400 in solutions of both unlabelled Ficoll 70 and 





Fig. 3.7 Representative autocorrelation functions (ACFs) from measurements of the 
diffusion of TRITC-Ficoll 70 (left) and of TRITC-Ficoll 400 (right) in solutions of 
Ficoll 70 spanning a concentration range of 0 – 300 mg/ml. The fitted curves are 













Fig. 3.8. Representative autocorrelation functions (ACFs) from measurements of the 
diffusion of TRITC-Ficoll 70 (left) and of TRITC-Ficoll 400 (right) in solutions of 
Ficoll 400 spanning a concentration range of 0 – 300 mg/ml. The fitted curves are 







The concept of microviscosity has been described in the crowding literature. It 
is well known that high-mass molecular crowding agents (which are inert polymers) 
can change both the dynamic viscosity (macroviscosity) of the solution and the 
microviscosity of the protein environment in which protein folding occurs [67, 68, 72, 
73]. Mukherjee et. al. conducted a study to investigate the effect of macromolecular 
crowding on the dynamics of protein folding at the secondary structure level. It was 
found that only the folding thermodynamics and kinetics of the shortest peptide used 
showed significant changes in 200 g/l of Fc70. The other two peptides tested did not 
show significant changes, even though the microviscosities of the Ficoll 70 and 
dextran 70 solutions used were about four to six times larger than the microviscosity 
of water. They concluded that the effect of crowding is sensitive to the size and shape 
of both the peptide and the crowding agent. As macromolecular crowders, Ficoll and 
dextran can influence protein stability via the excluded volume effect as well as 
folding dynamics by modulating the effective viscosity, i.e. microviscosity of the 
protein environment.  
 
The diffusion of molecular probes has been shown to differ in low- and high-
mass molecular crowding agents [73, 75, 110, 111]. Diffusion in low-mass crowders, 
such as glycerol, obeys the classical theory of Stokes-Einstein and is proportional to 
the macroviscosity. The results shown in Fig. 3.2 corroborate this fact. Diffusion in 
high-mass crowders, such as Ficoll 70 and Ficoll 400, does not obey the Stokes-
Einstein theory and is not proportional to macroviscosity (Fig. 3.6). Some examples 
of these phenomena have been reported in the literature. It was reported that the 
anisotropy decay of TRITC-labelled bovine serum albumin (BSA) in a glycerol/water 
solution with a viscosity of 47 cP (1 P = 10
-1
 Pa s) is approximately 20 times slower 
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than the decay of the same probe in a solution of dextran 2000 kDa with the same 
viscosity [73]. It has also been shown that the rate of association of barnase with 
barstar slows significantly when glycerol is added to the solution, but is hardly 
changed by the addition of the high-mass polymer povidone [112].  
 
 In solutions of low-mass solutes, such as glycerol, a randomly diffusing probe 
molecule faces the same hindrance from the bulk viscosity irrespective of its specific 
position [113]. The solute molecules do not form structures and the slowing of 
diffusion is a result of frictional forces [114]. In solutions of high-mass solutes 
(>1000 Da) that act as co-solvents, the case is quite different. The co-solvent tends to 
organise itself into a porous medium when the concentration exceeds , which is the 
crossover polymer fraction. * is expected to be comparable with the local 
concentration inside a single coil and is equal to N
-4/5
, where N is the number of 
monomer units per polymer molecule [115]. At low concentrations of the high-mass 
solute (dilute regime, *<1), kon for protein folding is inversely proportional to 
*. At higher polymer fractions (semi-dilute regime, *>1), kon becomes 
independent of the higher polymer concentration and the macroviscosity [68]. From 
both * and the persistence length, Lp, we know that high-mass polymers form 
flexible networks in solution (see section 2.1.2). It is possible to draw parallels 
between the organisation of the cell cytoplasm and solutions of Ficoll 70 and Ficoll 
400. These solutions represent important features of the in vivo environment and are 
therefore useful for mimicking relevant physiological characteristics within in vitro 
experimental systems.  
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 The anomalous diffusion of molecular probes was studied in solutions of 
Ficoll 70 and Ficoll 400. The diffusion of probes in the concentration range of 0 to 
300 mg/ml was measured by FCS. The concept of anomalous diffusion is important 
because diffusion within complex media, such as the cytoplasm, may be obstructed by 
various factors that can reduce mobility, e.g. transient binding events, interactions 
with obstacles or MMC [18]. In the cytoplasm and even in high-mass polymer 
solutions, the diffusion of molecules is often anomalous, which indicates that there is 
a distribution of diffusion times and that the mean-square displacement (MSD) does 
not increase linearly with time.  
 
 In order to obtain values for the anomaly parameter, , that describes the 
degree of anomalous diffusion for the TRITC-Ficolls, a new FCS fitting model had to 
be written in which the diffusion time for the fast component ( 1d ) was fixed at a 
certain value and the diffusion time for the slower component ( d ) was kept as a free 
fit parameter. d is raised to the exponent  which is the anomaly parameter) (see 
equation 2.40).  Table 3.1 shows that the value for  is equal to 1 for TRITC-tagged 
Ficoll 20, Ficoll 40, Ficoll 70 and Ficoll 400 in HBSS buffer in which the mode of 














Table 3.1. Values of the anomalous diffusion exponent  for different sizes of 
TRITC-tagged Ficoll diffusing in HBSS buffer. 
 
1.00 ± 0.09Ficoll 400-Tritc
0.99 ± 0.03Ficoll 70-Tritc
0.99 ± 0.03Ficoll 40-Tritc





Fig. 3.9. Representative autocorrelation functions (ACFs) and corresponding fits. The 
2-particle anomalous diffusion model was used to fit measurements performed on 
TRITC-Ficoll 20, TRITC-Ficoll 40, TRITC-Ficoll 70 and TRITC-Ficoll 400 in HBSS 
buffer. [Red curve = experimental ACF and black curve = fitted ACF.] 
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 The new fitting model was used to fit FCS data obtained from experiments 
that measured the diffusion of TRITC-tagged Ficoll 70 and Ficoll 400 in solutions of 
unlabelled Ficoll 70 and Ficoll 400. The  values were plotted against Ficoll 
concentration and are shown in Fig. 3.10. As expected, the values decreased for 
higher concentrations (150 – 300 mg/ml) of Ficoll 70 and Ficoll 400. The occurrence 










Fig. 3.10. The variation of the anomalous diffusion exponent  for Atto565, TRITC-
Ficoll 70 and TRITC-Ficoll 400 with the concentration of unlabelled Ficoll 70 and 
400.  
 
The presence of microviscosity and anomalous diffusion reflect is a result of 
the inhomogeneity of high-mass polymer solutions. These properties could cause the 
shifts in biochemical equilibria and reaction rates that are observed in crowded 
environments. These properties will be important for the discussion of the effect of 








 The viscosity experienced by probes in solutions of Ficoll 70 and Ficoll 400 is 
the microviscosity. This is suggested by the non-linear variation of diffusion time, D , 
with respect to the viscosity of the bulk solution (i.e., macroviscosity). Microviscosity 
arises from the heterogeneity of crowded solutions, which is detected by a probe 
molecule at the micrometre length scale. Due to this heterogeneity, our probes also 
showed anomalous diffusion, which is defined as an anomaly factor, , that is less 
than 1. The presence of obstacles to diffusion in Ficoll solutions is the source of this 
heterogeneity.  
 
We have thus confirmed the presence of two biophysical properties of Ficoll 
solutions, namely, the microviscosity of a probe’s environment and the anomalous 
diffusion undergone by the probe. After making these observations, we returned to the 
question of how Ficoll acts on stem cells to bring about enhanced differentiation. 
Does Ficoll in the cell culture medium change diffusion in the cell membrane? Could 
Ficoll, for example, affect the diffusion of domains known as lipid rafts in the cell 
membrane? Lipid rafts are known to be involved in diverse cellular processes, 
including signal transduction, which could have implications for stem cell 






Chapter 4: The Effect of Macromolecular Crowding 
on Molecular Diffusion in the Cell Surface Membrane 
and on Biochemical Reaction Kinetics 
4.1 Introduction 
 
The effect of Ficoll crowders on the translational diffusion of molecules in the 
cell surface membrane has hitherto not been investigated. In addition to experiments 
involving the cell membrane, we have also used supported lipid bilayers (SLBs) as a 
model system.  
 
An SLB is a planar structure which rests on a solid support. It is only the top 
surface of an SLB which is exposed to the free solution above it. The lipid bilayer is a 
very important structure in living organisms because it serves as a protective 
enclosure for cells and subcellular organelles and it also carries the machinery for 
intercellular communication and for transport across membranes. Solid supported 
lipid bilayers are very good model systems for studying the surface chemistry of a 
cell. Model bilayer systems facilitate the investigation of a variety of events, such as 
cellular signaling events [117-119] ligand-receptor interactions [120-123] and viral 
attack [124, 125]. The advantages of using an SLB as a model experimental system 
include its stability and the fact that it is a simple lipid membrane system which does 
not have the complexities associated with complex biological membranes.  
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The surface on which an SLB rests should be smooth, clean and hydrophilic. 
The best substrates are fused silica [126, 127], borosilicate glass [126, 128] , mica 
[129, 130], and oxidized silicon [126]. One common method of forming SLBs 
involves the adsorption and fusion of vesicles from an aqueous suspension to the 
substrate surface [131, 132]. 
 
If crowders are influencing the dynamics of molecules in a membrane, it 
should be possible to detect such an effect in SLBs. A single-component SLB 
consisting of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) 
ammonium salt (Rho-PE) was chosen for the experiments. POPC is the principal 
component of the SLB and Rho-PE is the fluorophore-tagged lipid moiety within the 
bilayer. Fluorescence correlation spectroscopy (FCS) was used to measure the 
diffusion of Rho-PE in POPC-based SLBs. 
 
For the experiments reported here, the SLBs were prepared using an 
established protocol that had been devised by former members of our research group. 
One such member had performed atomic force microscopy (AFM) on a POPC SLB in 
order to show that it was flat (unpublished data). Furthermore, before an FCS 
measurement is performed on these SLBs, an image is taken of the bilayer to ensure 
that it is homogeneous. The bilayers that I made for my experiments yielded diffusion 
coefficients that agreed both with the value previously reported by our group [133] 
and by another group [134]. 
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We have also investigated the effect of macromolecular crowding on the 
translational diffusion of molecules in the cell surface membrane. If crowding has a 
direct effect on molecular dynamics within the membrane, it should manifest itself as 
a decrease in the translation diffusion coefficient of a suitable membrane probe. The 
Singer-Nicholson model of the plasma membrane has been updated to include a 
description of clusters of proteins and lipids known as lipid rafts that can perform 
specific biological functions [13]. As it has been suggested that lipid rafts are 
involved in various signal transduction pathways in cells [28], we hypothesized that 
crowders were slowing the diffusion of lipid raft-associated molecules in the plasma 
membrane of human stem mesenchymal cells (hMSCs).  
 
FCS was used to measure the diffusion of molecules in the plasma membrane 
of hMSCs. FCS has been used extensively to study diffusion in cell membranes [95, 
135, 136]. When hMSCs are incubated with Ficoll crowders and a mixture of 
chemical factors that induce differentiation, there is a significant enhancement of the 
differentiation of hMSCs into the adipogenic and osteogenic cell lineages [1]. This 
differentiation-promoting mixture is known as the induction cocktail. Under crowded 
conditions, the adipogenic cells showed more lipid droplets and the osteogenic cells 
showed greater calcification. hMSCs were crowded with a mixture of Ficoll 70 and 
Ficoll 400 that has a fractional volume occupancy (FVO) of approximately 17%, 
which corresponds to in vivo estimates of the FVO [1].  
 
The plasma membrane of hMSCs was labelled with a lipid raft marker, 
namely, cholera toxin subunit B conjugated to the Alexa594 fluorophore. The 12-
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carbon 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate (DiI-C12) 
dye was used to label the liquid-disordered, non-raft phase of the plasma membrane.  
 
After the above diffusion experiments, it was decided that the effect of Ficoll 
on the rate of a biochemical reaction should be tested. The excluded volume effect in 
solutions of Ficoll 70 and Ficoll 400 can be demonstrated by measuring the effect of 
these crowders on the rate of actin polymerisation and the rate of collagen 
aggregation. These reactions were chosen specifically because (1) the deposition of 
collagen by fibroblasts is known to increase in the presence of Ficoll crowders [1, 6, 
7], and (2) actin polymerisation occurs constantly within the crowded environment of 
cells. Actin polymerisation is a dynamic process which underlies diverse cellular 
processes including motility, contractility, intracellular transport, and the maintenance 
of cell shape [137]. Collagen is the most abundant protein in mammals and the 
principal component of connective tissue [138]. Fibroblasts are cells which synthesize 
collagen for deposition in the extracellular matrix. The final step in the assembly of 
triple helical fibrous collagen occurs outside cells [1] and hence may be influenced by 








4.2 Materials and Methods 
 
Lipids and Dyes 
1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt 
(Rho-PE) were purchased from Avanti Polar Lipids (Alabaster, AL). Atto565 was 
purchased from Sigma-Aldrich (Singapore). Cholera toxin subunit B-Alexa 594 Fluor 
and 12-carbon 1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine Perchlorate 
(DiI-C12) were purchased from Invitrogen (Singapore).  
 
Preparation of Crowder Solutions 
A solution of Ficoll 70 (GE Healthcare) at a concentration of 300 mg/ml was prepared 
in Hanks Balanced Salt Solution (HBSS, Gibco-Life Technologies). HBSS was the 
buffer of choice because it mimics physiological electrolyte concentrations and pH. 
To prepare the Ficoll mixture, 37.5 mg/ml of Ficoll 70 (GE Healthcare) and 25 mg/ml 
of Ficoll 400 (GE Healthcare) were dissolved in HBSS. Polyvinylpyrrolidone (PVP) 
with a molecular mass of 360 kDa was prepared at concentrations of 1.89, 3.78 and 
7.56 mg/ml to achieve fractional volume occupancies of 9%, 18% and 36% 
respectively. 
 
Supported Lipid Bilayer (SLB) Preparation 
POPC stock solutions were prepared in chloroform. The solvent in the lipid stock 
solution was evaporated for at least 1 hour in a vacuum. Phosphate-buffered saline 
(PBS) was added to form a lipid suspension with a lipid concentration of 0.5 mM. The 
suspension was sonicated for 15 min to form vesicles and then placed on a clean glass 
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cover slide and incubated for 2 hours at 60°C. Cover slides were cleaned with 
detergent and then sonicated successively in detergent, deionized water, 2 M 
sulphuric acid, and deionized water again for 15 minutes each. The cover slides were 
rinsed with and stored in analytical grade ethanol and were air-dried before use. Rho-
PE at a concentration of 0.0025% was mixed with the POPC for measurements by 
fluorescence correlation spectroscopy. 
 
Cell Culture 
Human mesenchymal stem cells (hMSCs, Lonza) were seeded on 8-well Lab-Tek 
chamber slides with a borosilicate bottom (NUNC), at 10,000 cells per well in low 
glucose Dulbecco’s Modified Eagle Medium (LGDMEM, 5.6 mM glucose, Gibco-
Life Technologies) with 10% fetal bovine serum (FBS) and penicillin-streptomycin 
antibiotics. Cells were incubated in a humidified atmosphere at 37°C with 5% CO2.  
 
Incubation with Cell Membrane Markers 
A stock solution of 12-carbon 1,1'-dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine 
Perchlorate (DiI-C12) was prepared by dissolving the powder in DMSO and the 
concentration of this solution was determined by ultraviolet (UV) spectrophotometry. 
The stock was kept at 4ºC for long-term storage. A DiI-C12 working solution was 
prepared by diluting the stock solution with phenol-free LGDMEM to achieve a final 
concentration of 2.2 nM. hMSCs in the 8-well chamberslides (NUNC) were first 
washed 3 times with HBSS buffer and then incubated for 30 minutes with the DiI-C12 
working solution at 37°C. After incubation, hMSCs were washed 3 times with HBSS 
buffer and were kept in phenol-free LGDMEM for FCS measurements. 
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A stock solution of cholera toxin subunit B (CTxB)-Alexa Fluor 594 was prepared by 
dissolving the powder in HBSS buffer to a concentration of 1 mg/ml. A CTxB-Alexa 
Fluor 594 working solution was prepared by diluting this stock solution with phenol-
free LGDMEM medium to achieve a final concentration of 77 nM. hMSCs in the 8-
well chamberslides were first washed 3 times with HBSS buffer and then incubated 
for 30 minutes with the CTxB-Alexa Fluor 594 working solution at 37°C. After 
incubation, hMSCs were washed 3 times with HBSS buffer and were kept in phenol-
free LGDMEM for FCS measurements. 
 
Measuring Actin Polymerisation by Fluorospectrometry 
Actin polymerisation experiments were performed with an actin polymerisation kit 
(Cytoskeleton Inc). A pyrene-labelled rabbit G-actin stock solution was prepared by 
adding G-buffer to a frozen aliquot of the actin. The G-buffer was prepared by adding 
2 μl of ATP to 1 ml of the general actin buffer provided by the kit. The solution was 
mixed by pipetting up and down and then left on ice for an hour in order to 
depolymerise any actin oligomers that may have formed during storage. This solution 
was centrifuged for 30 min at a speed of 14000 rpm and at a temperature of 4
°
C and 
the supernatant retained for polymerisation. The final concentration of G-actin in each 
well was 2.0 μM. The fluorescence intensity of the pyrene-labelled actin samples was 
measured at room temperature using a Fluostar Optima fluorimeter (BMG). Assays 
were carried out in 96-well plates (Greiner). The excitation and emission wavelengths 
used were 355 nm and 405 nm, respectively. Data acquisition protocols were 
customised in the Fluostar BMG software. All raw data were acquired and 
polymerisation curves plotted by the software and subsequently exported to Microsoft 
Excel for further processing. 
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Collagen Aggregation Assays 
A turbidity assay was performed to quantify the rate of collagen I fibril formation and 
absorbance was read at 313 nm using a Magellan Tecan microplate reader. The 
concentration of collagen I solution used was 1.5 mg/ml. The turbidity read-out 
system is dependent on the concentration of the collagen I solution. This assay was 
performed under non-crowded conditions and crowded conditions. Triplicates of each 


















4.3 Results and Discussion 
 
The results of the experiment show that a concentration of 300 mg/ml of Ficoll 
70 has no significant effect on translational diffusion in supported lipid bilayers 
(Table 4.1). This concentration of Ficoll 70 is substantially higher than the combined 
concentration of Ficoll 70 and Ficoll 400 in the mixture that is used to enhance hMSC 
differentiation, which is 62.5 mg/ml (i.e., 37.5 mg/ml of Ficoll 70 and 25 mg/ml of 
Ficoll 400). Representative autocorrelation functions (ACFs) are shown in Fig. 4.1. 
 




The viscosity of the 300 mg/ml Ficoll 70 solution was measured to be 22.3 cP, 
which is much higher than the viscosity of the Ficoll mixture, which was measured to 
be 5.0 cP. It is this Ficoll mixture which has been used routinely to enhance the 
differentiation of human mesenchymal stem cells (hMSCs). Since the viscosity of the 
SLB is itself quite high, exposing it to a solution of high viscosity would not be 
expected to change translational diffusion within the bilayer significantly. Within a 
bilayer, water is present at a very low concentration and, therefore, the viscosity is 
expected to be much higher than a solution of a high-mass polymer like Ficoll 70. The 
viscosity of artificial phospholipid bilayers has been found to be between 70 and 120 
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cP [139]. It has been reported that lipid mobility in free-standing bilayers, i.e. giant 
unilamellar vesicles (GUVs), is more than twice as fast as in SLBs under identical 
experimental conditions [140]. This difference can be attributed to the solid support of 
the SLB. Lipid bilayers that are supported on solid substrates are widely used as 
models for the cell surface [141] . We can conclude from this study that Ficoll is not 
directly affecting dynamics within a membrane by means of bulk viscosity and/or the 
excluded volume effect. 
 
 
Fig. 4.1. Representative autocorrelation functions (ACFs) obtained from FCS 
measurements performed on supported lipid bilayers (SLBs) consisting of 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and 1,2-dipalmitoyl-sn-
glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) ammonium salt 
(Rho-PE). The fluorescent membrane probe is Rho-PE. The ACF for diffusion of 
Rho-PE in the absence (left) and presence (right) of Ficoll crowder. The residuals for 
each fit are shown below each ACF plot. [Red curve = experimental ACF and black 






The results of the SLB experiments are not surprising when we consider the 
Saffman-Delbruck relation for diffusion in a two-dimensional membrane [142]. The 













   
                                     [4.1] 
 
where 
Tb  = translational mobility of a cylindrical mass within the plane of the membrane 
h  = height of the cylinder 
 = Euler’s constant 
 viscosity of the fluid representing the membrane 
  = viscosity of the exterior liquid.  
 
The corresponding translational diffusion coefficient, DT, is given by [142]: 
 
T B TD k Tb                [4.2] 
Where 
kB = Boltzmann’s constant. 
 
From equation 4.1, we can expect that the viscosity of the liquid around the 
membrane will not significantly affect TD  within the membrane because   enters 
the equation logarithmically. The SLB experiments clearly show that the viscosity of 
the Ficoll 70 solution does not change TD   of Rho-PE in the bilayer. 
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In a separate experiment, hMSCs were exposed to 300 mg/ml of Ficoll 70 
solution for 24 hours in order to study the effect of this high concentration on 
molecular diffusion within the cell surface membrane. The cells did not survive the 
incubation, possibly because of the extremely high viscosity of the culture medium. 
 
 
Table 4.2. The effect of a Ficoll mixture on translational diffusion in the cell surface 




 Table 4.2 shows that the Ficoll mixture does not significantly change the 
translational diffusion coefficient of the lipid raft marker CTxB-Alexa 594 Fluor. 











Fig. 4.2. Representative autocorrelation functions (ACFs) obtained from FCS 
measurements performed on the plasma membrane of human mesenchymal stem cells 
(hMSCs). The membrane probe is cholera toxin-subunit B-Alexa Fluor 594 (CTxB). 
The ACF for diffusion of CTxB in the cell membrane in the absence (left) and 
presence (right) of Ficoll crowder. The residuals for each fit are shown below each 
ACF plot. [Red curve = experimental ACF and black curve = fitted ACF.] 
 
 
The Ficoll mixture also does not seem to significantly affect the diffusion of 
the non-lipid-raft marker DiI-C12 (Table 4.2 and Fig 4.3). These findings do not 
support our original hypothesis which proposed that macromolecular crowding 
enhances stem cell differentiation by directly promoting the clustering of receptors in 
the cell surface membrane. According to the Singer-Nicholson model of biological 
membranes [143], the cell membrane is a two-dimensional lipid sheet in which 
proteins are embedded. Since water is present at very low concentrations within the 
membrane, the diffusion of lipids and proteins occurs at nearly maximal crowding. 
Another way of viewing the membrane is as a solvent of membrane lipids in which 
various proteins are dissolved. Therefore, the cell membrane would be much more 
viscous than the cell culture medium containing the Ficoll mixture. The membrane 
viscosity in human epidermal cells ranges from 30 to 100 cP [144], whereas in liver 





Fig. 4.3. Representative autocorrelation functions (ACFs) obtained from FCS 
measurements performed on the plasma membrane of human mesenchymal stem cells 
(hMSCs). The membrane probe is the 12-carbon 1,1'-Dioctadecyl-3,3,3',3'-
Tetramethylindocarbocyanine Perchlorate (DiI-C12) dye. The ACF for diffusion of 
DiI-C12 in the cell membrane in the absence (left) and presence (right) of Ficoll 
crowder. The residuals for each fit are shown below each ACF plot. [Red curve = 
experimental ACF and black curve = fitted ACF.] 
 
 
The membrane of a cell is expected to be more viscous than a supported lipid 
bilayer. In the case of a pure lipid bilayer which does not contain any proteins or other 
membrane constituents, the diffusion of individual lipids is Brownian [140, 146, 147]. 
On the other hand, the diffusion of lipids and proteins in the cell membrane has been 
reported to be anomalous [94, 148, 149] as well as normal [150]. This variation in the 
mode of diffusion in plasma membranes may be dependent on the timescales over 
which the measurements are performed [148]. The anomalous diffusion of these 
molecules is believed to be due to a variety of cellular factors, such as protein 
crowding effects, membrane microdomains, cytoskeletal corrals and transient binding 
events. The Singer-Nicholson model has been updated to account for the anomalous 
diffusion of membrane constituents. The model now suggests that clusters of lipids 
and proteins such as lipid rafts contribute to biological function.  
 
 77 
Since we did not observe an influence of crowding on diffusion in the cell 
membrane, we considered whether or not Ficoll could influence any other cellular 
process. Specifically, we wanted to test the effect of Ficoll on a biochemical reaction. 
We chose two such reactions: the polymerisation of actin and the fibrillogenesis of 
collagen. 
 
 The mono-component Ficoll solutions and the Ficoll mixture all had a 
positive effect on the rate of actin polymerisation (Fig. 3.11). In the case of the Ficoll 
70 solutions, the fold change in reaction rate increased from 0 to 300 mg/ml of the 
crowder. This suggests that the excluded volume effect caused by Ficoll 70 was able 
to outweigh the bulk viscosity of the solutions even at the higher concentrations. 
Earlier in this chapter it was shown that the viscosity of Ficoll 70 solutions (over the 
same concentration range used for the polymerisation experiments) was found to 
increase exponentially with increasing solute concentration. Despite this increase in 
bulk viscosity, a significant improvement in the rate of actin polymerisation could be 




















Fig. 4.4. The effects of high concentrations of Ficoll 70 and Ficoll 400 on the in vitro 
rate of actin polymerisation. The effect of the Ficoll mixture on the polymerisation 
rate is also shown.  
 
 
A similar result was obtained with the Ficoll 400 solutions: the polymerisation 
rate increased from 0 to 250 mg/ml. The rate appears to decrease from 250 mg/ml to 
300 mg/ml (Fig. 4.4), but at the moment the data do not seem to suggest a statistically 
significant difference. The polymerisation rate was still two-fold higher at 300 mg/ml 
than at 0 mg/ml of Ficoll 400. This drop in the polymerisation rate could be due to the 
extremely high viscosity of the Ficoll 400 solution at 300 mg/ml, which was measured 
to be 57.8 cP (Fig. 3.1). This is 2.6 times higher than the viscosity of the Ficoll 70 
solution at 300 mg/ml, which was measured to be 22.3 cP (Fig. 3.1).  
 
The Ficoll mixture also caused the polymerisation rate to increase (Fig. 4.4). 
The effect of doubling the concentration of the Ficoll mixture and reducing it to half 
was also tested. All three Ficoll mixtures caused a significant increase in the 
polymerisation rate. However, no significant difference could be seen between the 
three different mixture concentrations.  
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After the encouraging results with the actin polymerisation experiments, the 
effects of Ficoll crowding on the rate of collagen fibrillogenesis were investigated. 
For these experiments, two concentrations of Ficoll 70 and Ficoll 400 were compared: 
12.5 mg/ml and 25.0 mg/ml (Fig. 4.5). Both of these concentrations of Ficoll 70 and 





Fig. 4.5. (Left) The effects of 12.5 mg/ml and 25.0 mg/ml of Ficoll 70 and Ficoll   
400 on the collagen fibrillogenesis profile. (Right) The fold changes in the rate of 
collagen fibrillogenesis resulting from Ficoll crowding. 
 
 
 In addition to Ficoll 70 and Ficoll 400, the crowding effects of 
polyvinylpyrrolidone (PVP) with a molecular mass of 360 kDa were also tested (Fig 
4.6). PVP360 at fractional volume occupancies (FVOs) of 9%, 18%, and 36% 
increased the rate of collagen fibrillogenesis  These FVOs correspond to masses of 
























Fig. 4.6. (Left) The effects of different concentrations of PVP 360 kDa on the 
collagen fibrillogenesis profile. Each PVP360 concentration corresponds to a specific 
fractional volume occupancy (FVO). (Right) The fold changes in the rate of collagen 






















The results presented in this chapter suggest that neither the excluded volume 
effect in Ficoll solutions nor the viscosity of the bulk solution is capable of directly 
slowing diffusion in supported lipid bilayers and the plasma membrane of cells. These 
findings are borne out by the Saffman-Delbruck relation for diffusion in membranes. 
Our data do not suggest that the Ficoll mixture which is routinely used to proliferate 
and differentiate human mesenchymal stem cells is directly affecting the dynamics of 
molecules in the cell surface membrane, whether these molecules are partitioned into 
lipid rafts or not. Hence, we can conclude that, when used as a macromolecular 
crowder, Ficoll does not change the translational diffusion of molecules in 
membranes. The experiments involving cells and artificial bilayers clearly show that 
crowders in solution do not affect the diffusion coefficient of probes in membranes. 
These membranes are known to be much more viscous than the surrounding solution. 
We have not found evidence to support the hypothesis that crowding enhances stem 
cell differentiation by directly retarding the diffusion of membrane-bound molecules.  
 
To ascertain whether or not crowding could influence any other cellular 
process, we decided to investigate the effect of Ficoll on actin polymerisation and 
collagen fibrillogenesis. Both of these biochemical reactions are diffusion-limited and 
could therefore be influenced by the presence of Ficoll since it has already been 
shown (in Chapter 3) that Ficoll influences probe diffusion in a manner consistent 
with crowding. The data presented in this chapter clearly show that Ficoll enhances 
actin polymerisation and collagen fibrillogenesis in vitro. On the basis of these results, 
we then decided to take a closer look at how Ficoll interacts with cells by posing a 
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specific set of questions: (1) Does Ficoll enter cells? (2) Can Ficoll be broken down 
within cells into sugars? (3) If Ficoll breakdown does occur intracellularly, can the 
released sugars act as direct energy sources for the cells? (4) Does Ficoll enhance 
differentiation (and proliferation) by providing cells with more sugars? These 
















Chapter 5: The Uptake and Metabolism of Ficoll in 




Little is known about the cellular uptake and metabolism of chemically 
synthesized carbohydrate polymers, including those that are polymers of the most 
commonly utilized sugars in the human body, namely glucose, fructose and galactose. 
Dextran, which is a bacterial cell wall component and fungal storage form of 
polyglucose, enjoys many uses, namely as a plasma expander [151], vitrification 
agent [152], and in the food industry [153]. It is known that dextrans are metabolised 
after ingestion. However, the dextranases required for this are most likely of bacterial 
rather than cellular origin. Dextrans withstand autoclaving and are stable over a wide 
pH range [154]. Ficoll, which is a copolymer of sucrose, which is a disaccharide of 
glucose and fructose, and epichlorohydrin, also withstands autoclaving at neutral pH, 
but decays rapidly at acidic pH [30]. Ficoll is widely used for cell fractionation, for 
example in the extraction of buffy coats [155]. As a macromolecular crowder, it 
promotes extracellular matrix deposition [1, 7]. Ficoll has been in use since the 1970s 
[155], with its trademark being filed in 1975 [156]. Ficoll has been recommended as a 
safe freezing additive for cryopreservation of human embryos [157, 158].  
 
After reviewing the literature available on Ficoll, we discovered that its safety 
has never been questioned. There is a puzzling absence of data on its cellular uptake. 
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It has recently been reported that mixed macromolecular crowding using a mixture of 
Ficoll 70 and 400 boosted mesenchymal stem cell proliferation [1, 159, 160]. It was 
demonstrated that the enhanced ECM deposition under crowded conditions promotes 
proliferation [1, 160]. However, we suspected that in addition to being a crowder, 
Ficoll might also be acting as metabolic fuel. We hypothesised that if Ficoll is being 
taken up by cells, its acid-sensitivity might lead to its intracellular decay into single 
sucrose units along the endocytotic pathway. If intracellular disaccharidases were 
present, Ficoll might serve as an additional glucose and fructose source for cells.  
 
To tackle this question we compared the uptake and intracellular movement of 
TRITC-tagged Ficoll 70 and 400 with that of polyvinylpyrrolidone (PVP), a non-
carbohydrate polymer that has been widely used in the 1940s and 50s as a plasma 
expander [161]. PVP continues to be used to this date as a pharmaceutical excipient 
[162]. The metabolic effects of Ficoll in human mesenchymal stem cells are presented 
in this chapter.  
 
The data strongly suggest that polysucrose-based polymers such as Ficoll 
represent a novel source of metabolisable and safe materials in the field of 
nanomedicine. Nanoparticles (NPs) are becoming increasingly important for various 
industrial applications. NPs have seen their use extended to the biomedical field for 
drug and gene delivery, diagnostics, and bioimaging. The small size of nanoparticles 
is assumed to allow them to easily enter tissues, cells, and organelles [163, 164]. This 
could lead to damage on the cellular level, resulting in harm to human health [164]. 
Although the long-term effects of NPs on human health remain unclear and continue 
to be intensively studied, some preliminary work has demonstrated the toxic effects of 
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NPs. Toxic effects have been reported with carbon nanomaterials [165, 166], silica 
and metal oxides [167, 168], quantum dots [169], ultrafine polystyrene [170], 
nanometer-sized diesel exhaust particles [171], and ultrafine particulate pollutants 
[172]. Very recently Mahler et. al. [173] reported that polystyrene NPs interfere with 


















5.2 Materials and Methods 
 
Macromolecular Crowders and Fluorescent Polymer Preparation 
Ficoll 70 and Ficoll 400 conjugated to tetramethylrhodamineisothiocyanate (TRITC) 
were purchased from TdB Consultancy AB (Uppsala, Sweden). Polyvinylpyrrolidone 
(PVP) was conjugated to TRITC via nitrene chemistry. Each fluorophore-labelled 
polymer was dissolved in Hanks Buffered Salt Solution (HBSS). For all cell labelling 
experiments, a concentration of 1 μM of each polymer was used. Unlabelled Ficoll 70 
and 400 were purchased from GE Healthcare (Uppsala, Sweden).  
 
Cell Culture 
Human mesenchymal stem cells (hMSCs, Lonza) were seeded on 8-well Lab-Tek 
chamber slides with a borosilicate bottom (NUNC), at a density of 10,000 cells per 
well in low glucose Dulbecco’s Modified Eagle Medium (LGDMEM, 5.6 mM 
glucose, Gibco-Life Technologies) with 10% fetal bovine serum (FBS) and penicillin-
streptomycin. Cells were incubated at 37°C in 5% CO2. After 16 hours, cells were 
separately incubated with TRITC-tagged polymers for 1 hour in the presence of 10% 
FBS and 1% antibiotics and then thoroughly washed 3 times with Hanks Balanced 
Salt Solution (HBSS). After washing, phenol- and serum-free LGDMEM was added 




Cells were viewed with a FV300 laser scanning confocal microscope (Olympus, 
Japan). The excitation beam from a 543-nm HeNe ion laser (MellesGriot, Singapore) 
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was focused by water immersion objective (60X, NA1.2, Olympus) into the 
fluorescent sample. For organelle co-localisation studies, an additional 488-nm Ar 
laser (MellesGriot, Singapore) was used to excite fluorescent organelle labels. Images 
were acquired with Olympus FV300 proprietary software.  
 
Polymer Washout Experiments 
hMSCs were incubated with each TRITC-tagged polymer for 1 hour, and then were 
washed 4 times with phenol- and serum-free LGDMEM. The supernatant from the 4
th
 
wash was retained and set aside for a base-line measurement at the 1-hour time point. 
For the 5-, 10- and 20-hour time points, cells were incubated in phenol- and serum-
free LGDMEM and the supernatant removed for measurement at the corresponding 
time points. The fluorescence intensity of each sample was measured using a 
PheraStar fluorimeter (BMG Instruments, Offenburg, Germany). All measurements 
were performed in triplicate.  
 
Pinocytosis Inhibition Studies 
hMSCs were pre-incubated for 1 hour with 10 mM methyl-betacyclodextrin (CD, 
Sigma-Aldrich), 28 μM chlorpromazine (CPZ, Sigma-Aldrich), 300 μM amiloride 
(Am, Sigma-Aldrich), and 10 μM monensin (Mon, Sigma-Aldrich) in serum-free 
LGDMEM. The cells were then incubated for a further 1 hour with a mixture of each 
inhibitor and each TRITC-labelled polymer in serum-free LGDMEM.  
 
Organelle Co-localisation Studies 
hMSCs were incubated with each TRITC-labelled polymer for 1 hour in phenol- and 
serum-free LGDMEM and were then co-labelled with the following fluorescent 
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organelle labels for a further 15 mins: Lysotracker™ (50 nM) for lysosomes, 
Mitotracker™ (100 nM) for mitochondria, ER Tracker™ (1 μM) for the endoplasmic 
reticulum and NBD C6-ceramide (1 μM) for the Golgi apparatus. All organelle labels 
were purchased from Invitrogen (Singapore).  
 
Peripheral Blood Mononuclear Cell (PBMC) Studies 
Peripheral blood was obtained from the National University Hospital (NUH) blood 
bank or from healthy donors. Peripheral blood mononuclear cells (PBMCs) were 
isolated via gradient centrifugation over Ficoll-Paque (Sigma) following the 
manufacturer’s instructions. Blood was diluted with the same amount of PBS 
containing 2 M EDTA. 22 ml of diluted blood was layered over 14 ml of Ficoll-Paque 
and centrifuged at 400 g for 30 min. A buffy coat ring was collected from separated 
blood samples and washed twice with 1X PBS containing 2 mM EDTA. PBMCs were 
then seeded in phenol-free LGDMEM containing either TRITC-tagged Ficoll 70 or 
Ficoll 400 on non-adherent dishes for 1 hour. Cells were afterwards collected and 
fixed in 1% formaldehyde for 15 min. Fixed cells were analyzed either using the Cyan 
flow cytometer (Dako Cytomation) or resuspended in PBS buffer supplemented with 
0.5% FBS for further staining. Cell nuclei were stained with DAPI and the 
cytoskeleton with Alexa Fluor 594-labelled Phalloidin for 30 min. Cells were washed 
once with PBS buffer supplemented with 0.5% FBS and resuspended in PBS. Cells 






Hydrolytic Decay Studies 
Thin layer chromatography (TLC) of carbohydrates was performed with silica gel on 
aluminum support plates (5 x 7.5 cm, Schleicher & Schuel GmbH, purchased through 
Sigma-Aldrich Singapore). Ficoll 70, Ficoll 400, dextran 670 kDa, glucose, and 
sucrose were incubated in 1X PBS buffer at 37°C at different pH values that represent 
the extracellular space (pH 7.2), early endosome (pH 6.5); late endosome/secretory 
vesicle (pH 5.5) and lysosome (pH 4.8). Loaded TLC plates were placed in a beaker 
with 0.5 cm solvent level (Ethylacetate:Methanol:Water; 52:36:13) and plates were 
taken out shortly before the solvent front reached the end of the plate. Plates were 
airdried, immersed briefly in 5% w/w sulfuric acid and briefly placed on a hotplate at 
150 – 200 °C. Developed plates were scanned with a commercial photo scanner. 
Sample and mobile phase positions were marked and the coefficient of refraction was 
determined by dividing the total length of the solvent front through the migration 
length. Further assessment of the degradation process was achieved by not only 
comparing the refraction coefficients but also the distribution of degradation products 
for each single sample around the refractive index.  
 
Cell culture of hMSCs and fibroblasts for proliferative and metabolic assays 
hMSCs and normal fetal lung fibroblasts (WI38; American Tissue Culture Collection) 
were routinely cultured in Low Glucose Dulbecco’s Modified Eagle’s medium 
(Gibco-Life Technologies) and High Glucose Dulbecco’s Modified Eagle’s medium 
(Gibco-Life Technologies), respectively, with 10% fetal bovine serum (Gibco-Life 




Proliferation assay under macromolecular crowding  
hMSCs and WI-38 fibroblasts with an initial seeding density of 3000 cells/cm
2
 and at 
2000 cells/cm
2
, respectively, were monitored daily for absolute cell numbers. Every 
day a replicate culture plate with cells grown under standard and mixed 
macromolecular crowding conditions was randomly pulled and cells were fixed in 
absolute methanol at -20°C and stained with nuclear dye 4’,6-diamidino-2-
phenylindoldilactate (DAPI). Adherent cytometry was done by acquiring nine image 
sites, covering 71% of the total well area, at 2X magnification using a Nikon TE600 
fluorescence microscope plus Xenon illuminator (LB-LS/30, Sutter Instrument 
Company, Novato, CA, USA) with an automated Ludl stage (Bioprecision 2, Ludl 
Electronic Products Ltd, Hawthorne, NY, USA) and analysed using Metamorph® 
Imaging System Software (Molecular Devices, Downingtown, PA, USA) to acquire 
the number of nuclei per well. The initial number of cells was calculated from nuclei 
counts from the replicate plate fixed 24 hours after seeding. The final number of cells 
on each subsequent day was calculated from replicate plates fixed on the respective 
days. The increase in proliferation was given by the ratio of final number to initial 
number of cells. 
 
Intracellular Glucose Assay and Free Glucose Dosing Effect on Proliferation 
In order to monitor intracellular glucose generation from Ficoll, hMSCs were cultured 
for 3 days under standard conditions or in the presence of the Ficoll mixture. In 
addition, cells were deprived of glucose and pyruvate, but supplemented in parallel 
experiments with the Ficoll mixture.  Cell lysates were generated in CHAPS buffer 
and centrifuged at 12,000 g for 20 mins at 4C. Supernatants were analyzed using the 
Glucose and Sucrose Assay Kit (Abcam) according to the manufacturer’s instructions, 
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and quantification of the glucose oxidase reaction product, resorufin, was performed 
by colorimetric absorbance plate readings using an Infinite 200 absorbance plate 
reader (Tecan) and analyzed by Tecan i-Control software. The same kit was used to 
assess any carry-over of free glucose after dissolving Ficoll in standard culture 
medium (i.e., LGDMEM with 10% FBS and 1% penicillin-streptomycin). The 
resulting concentration, 0.45 mM, was added as monomeric glucose to standard 
culture medium for hMSCs in order to ascertain its effects on proliferation after 5 
days by adherent cytometry.  
 
MTS Assay and Glucose, Pyruvate and Serum Deprivation 
hMSCs were seeded at 3400cells/well in 24 well plates (CelStar, Greiner Bio-One) 
and cultured for 7 days under standard conditions in standard culture medium with or 
without the Ficoll mixture. The metabolic activity in each well was then measured 
using the CellTiter 96® AQueous One Solution Cell Proliferation Assay (Promega) 
according to the manufacturer’s instructions. The MTS tetrazolium compound in the 
assay is bio-reduced by cells, using NADPH or NADH produced in metabolic 
reactions, into a coloured formazan product. The change in absorbance was measured 
by Infinite 200 absorbance plate reader (Tecan) and analyzed by Tecan i-Control 
software. The plates were then fixed with methanol, stained with DAPI and the 
number of cells calculated by adherent cytometry. The metabolic activity from each 
well was normalised to the respective number of cells and further normalised to the 
respective controls. For the glucose and pyruvate starvation experiments, hMSCs 
were seeded at 3400 cells/well in standard culture medium in a 24 well plate for 24 
hours and the medium was changed to DMEM devoid of glucose and pyruvate. Test 
cultures received the Ficoll mixture. After 7 days of culture, the metabolic activities 
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were measured. The metabolic activity from each well was normalised to the 
respective number of cells and further normalised to the respective controls using 
DAPI staining as above. 
 
Glucose-6-phosphate Dehydrogenase and Lactate Release Assay 
hMSCs were cultured for 3 days under standard culture conditions with or without the 
Ficoll mixture. The culture medium was collected and centrifuged at 12,000 g for 20 
mins at 4C. The lactate in the supernatant was measured using the Lactate 
Colorimetric Assay (Abcam) according to the manufacturer’s instructions. The 
remaining cell layers were then lysed with CHAPS buffer and incubated on ice for 30 
mins. The lysate was then centrifuged at 12,000 g for 20 mins at 4C and the glucose-
6-phosphate activity in the supernatant was measured using the G6PD Colorimetric 













5.3 Results and Discussion 
 
When hMSCs were exposed to TRITC-tagged PVP360, Ficoll 70 and Ficoll 
400, uptake occurred swiftly within 1 hour (Fig. 5.1). PVP360 showed a granular 
distribution whose fluorescence intensity persisted for 20 hours with a peripheral 
redistribution of the observed pattern. The granular pattern suggests localisation to the 
endosomal compartments. The Ficolls, particularly Ficoll 400, showed an organellar, 
worm-like uptake pattern after 1 hour. After 20 hours, a transition to a 
granular/endosomal pattern and a granular peripheral dispersed redistribution with 
receding fluorescence intensity could be observed (Fig 5.1).  
 
Fluorospectrometry demonstrated the time-dependent release of TRITC back 
into the culture medium (Fig 5.2) with TRITC-Ficoll 70 and TRITC-Ficoll 400 over a 
20-hour period. This was not seen with TRITC-PVP360, suggesting that it was 
retained within the intracellular space during this incubation period (Fig 5.2).  
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Fig. 5.1. Uptake of TRITC-PVP360, TRITC-Ficoll 70, and TRITC-Ficoll 400 into 
human mesenchymal stem cells. Cells were pulsed with 1 M of each polymer for 1 
hour and monitored for 20 hours. PVP360 showed an early persistent 
granular/endosomal pattern and a late peripheral distribution. In contrast, Ficoll 70 
and Ficoll 400 first accumulated in worm-like compartments after 1 hour and then 






Fig. 5.2. TRITC-PVP360 releases the smallest amount of pinocytosed fluorophore 
from human mesenchymal stem cells. Cells were pulsed with 1 M of TRITC-
PVP360, TRITC-Ficoll 70, and TRITC-Ficoll 400 for 1 hour and then washed with 




Imaging was performed 1, 5, 10 and 20 hours post-exposure to TRITC-Ficoll 
70, TRITC-Ficoll 400 and TRITC-PVP360. These time points were chosen in order to 
determine whether or not Ficoll and PVP persist within cells. The results from the 
washout experiments do indeed suggest that Ficoll is washed out from cells, whereas 
PVP tends to be retained within cells. Since a sufficient amount of all three polymers 
was present for good-quality imaging, we decided to use these same time points for 
all subsequent experiments involving co-labelling with organelle-specific markers. 
Since PVP360 appears to be retained by cells, we also compared the retention of 
TRITC-PVP360 with that of TRITC-Ficoll 400 over a longer period, i.e. 72 hours (see 




Fig. 5.3. TRITC-PVP360 is retained within lysosomes for 3 days while TRITC-Ficoll 
400 is cleared. Human mesenchymal stem cells (hMSCs) were incubated with 
polymer (red fluorescence) for 1 hour and for a further 15 minutes with Lysotracker® 
(green fluorescence). Superimposition of images and the resulting mixed yellow 
colour would indicate colocalisation of polymer with lysosomes. PVP colocalises 
with lysosomes very early and remains trapped within this compartment for 72 hours 
with undiminished intensity of the fluorescence signal. In contrast, Ficoll 400 shows a 
typical non-lysosomal distribution after 1 hour, which changes to an exclusive 
lysosomal presence after 24 hours. The strongly fading signal that ensues over the 
next 48 hours suggests either decay of the polymer or export or both. 
 
 
The shortest time point was 1 hour post-exposure. Time points below this 
were not chosen because our main objective was to track the fate of Ficoll and PVP 
over long periods. However, in order to better understand the uptake mechanism and 
distribution into organelles, imaging could also be done at shorter time points, for 
example, for the first 30 minutes of exposure. 
 
The uptake of PVP360 and the Ficolls was studied in the presence of a variety 
of inhibitors of micropinocytosis, which represents an uptake mechanism that is active 
for particles in the size range of 0 to 100 nm. Methyl-beta-cyclodextrin (MCD) is a 
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cholesterol-extracting agent and is capable of interfering with caveolae-dependent 
pinocytosis. MCD completely inhibited the uptake of all three polymers (Fig. 5.4).  
 
Chlorpromazine (CPZ), which is an inhibitor of clathrin-dependent 
pinocytosis, considerably reduced the amounts of all three polymers in the vesicular 
structures. However, the presence of the Ficolls in the aforementioned worm-like, 
elongated compartments was enhanced. This observation suggests that CPZ inhibited 
polymer exit from these compartments, rather than their entry into cells by 
pinocytosis. This effect of CPZ has so far not been described in the literature and 
seems to be an interesting and novel finding. 
 
Amiloride (Am), which is an inhibitor of clathrin-independent pinocytosis, 
reduced the uptake of all three polymers overall, but did not appear to change the 
intracellular distribution patterns. Monensin (Mon), which is a carboxylic ionophore 
that disrupts receptor-mediated endocytosis [174, 175], caused all three polymers to 
accumulate mainly in peripheral vesicles. This peripheral staining pattern indicates 
the formation of a front of vesicles in the fringes of the cells which cannot travel any 








Fig. 5.4. Polymers are taken up by cells via micropinocytosis. Cells were incubated 
with the pinocytosis inhibitors methyl-betacyclodextrin (MCD, 10 M), 
chlorpromazine (CPZ, 28 M), amiloride (Am, 300 M) and monensin (Mon, 10 M) 
for 1 hour and were then incubated for a further 1 hour with a mixture of each 
inhibitor and each TRITC-tagged polymer. MβCD completely inhibited uptake of all 
polymers. Amiloride did not affect uptake significantly. CPZ reduced polymer 
amounts, but trapped Ficoll in the worm-like compartments. Monensin did not inhibit 
uptake of polymers but arrested them in a belt of vesicles within the periphery of the 
cells.  
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Double-labelling studies were performed using Lysotracker, Mitotracker, 
ER Tracker and NBD C6-ceramide to ascertain whether or not TRITC-PVP360, 
TRITC-Ficoll 70, and TRITC-Ficoll 400 could colocalise with lysosomes, 
mitochondria, endoplasmic reticulum, and Golgi apparatus respectively. The studies 
using Lysotracker and Mitotracker revealed that PVP360 enters the lysosomes 
very rapidly after 1 hour (Fig. 5.5). Some PVP360 was also present in mitochondria 
after the 1-hour incubation (Fig. 5.6). Over a total period of 3 days, PVP360 showed 
exclusive lysosomal colocalisation and persistence within this organelle without a 
decrease in fluorescence intensity signal for up to 3 days (Fig. 5.3 and 5.5). These 
observations agree well with the wash-out data (Fig. 5.2) that suggest the PVP360 




Fig. 5.5. Intracellular routing of TRITC-PVP360, TRITC-Ficoll 70, and TRITC-Ficoll 
400: Colocalisation with lysosomes. Human mesenchymal stem cells (hMSCs) were 
incubated with 1 M of each polymer (red fluorescence) for 1 hour and for a further 
15 minutes with Lysotracker® (green fluorescence). Superimposition of images and 
the resulting mixed yellow colour indicate colocalisation. PVP360 is taken up 
immediately into a subset of lysosomes and remains here for the duration of the 
experiment (20 hours). Ficoll 70 and, in particular, Ficoll 400 colocalise immediately 
with worm-like organelles, with only a small proportion of lysosomes being labelled. 
After 20 hours, the Ficolls shift to the lysosomal compartments. 
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The above experiments involving the uptake of PVP360 into human 
mesenchymal stem cells were inspired by literature describing a medical condition 
known as PVP storage disease [35, 36] . The original use of PVP was as a plasma 
expander and is currently still widely used as in fruit juices, skin care products, hair 
sprays and as a retarding agent in drugs and vaccines. PVP with a molecular weight 
greater than 20,000 cannot be excreted by the kidneys, as a result of which it is 
phagocytosed and permanently stored in the reticular endothelial system. The clinical 
symptoms of PVP storage disease include skin lesions as well as haematological and 
orthopaedic complications resulting from bone marrow destruction and infiltration of 
PVP storage histiocytes [35]. The in vitro data presented here underscore these 
adverse features of PVP impressively.  
 
Another very novel finding is that the Ficolls, particularly Ficoll 400, showed 
dominant early mitochondrial routing (Fig. 5.6, thus revealing the identity of the 
worm-like compartments which we had consistently been observing in our imaging 
studies). Ficoll 400 displayed an exclusive mitochondrial colocalisation after 1 hour, 
which could still be seen after 5 hours. As time progressed, more and more lysosomes 
became labelled with the polymer as it continued to move within the cells until a peak 




Fig. 5.6. Intracellular routing of TRITC-PVP360, TRITC-Ficoll 70, and TRITC-Ficoll 
400: Colocalisation with mitochondria. Human mesenchymal stem cells (hMSCs) 
were incubated with 1 M of each polymer (red fluorescence) for 1 hour and for a 
further 15 minutes with Mitotracker® (green fluorescence). Superimposition of 
images and the resulting mixed yellow colour indicate colocalisation. PVP360 is 
taken up immediately into granules, with traces of it also localising with the 
mitochondrial compartment. Ficoll 70 and Ficoll 400 show clear colocalisation with 
the mitochondria after 1 hour. As time progresses, both Ficolls are redistributed to 
peripheral granular compartments. In particular, Ficoll 400 showed strong 
colocalisation with the mitochondria, which persisted for up to 5 hours. 
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The behaviour of Ficoll 70 was intermediate between PVP360 and Ficoll 400. 
Ficoll 70 was first routed into mitochondria (Fig. 5.6), but exited from this organelle 5 
hours later and entered the lysosomes (Fig. 5.5 and 5.6). After 20 hours, the amount of 
TRITC-Ficoll 70 had decreased considerably, with most of the lysosomes being 
cleared of this polymer.  
 
TRITC-PVP360, Ficoll 70, and Ficoll 400 all colocalised with mitochondria in 
Wi38 embryonic human lung fibroblasts after a 1-hour incubation period (Fig. 5.7). 
 
 
Fig. 5.7. Tracking the mitochondrial routing of TRITC-PVP360, TRITC-Ficoll 70, 
and TRITC-Ficoll 400 in human Wi-38 embryonic lung fibroblasts. Cells were 
incubated with each polymer (red fluorescence) for 1 hour and for a further 15 
minutes with Mitotracker® (green fluorescence). Superimposition of images and the 
resulting mixed yellow colour indicate colocalisation. In this cell type, all three 
polymers colocalised with mitochondria after 1 hour. 
 
When the Golgi apparatus and the endoplasmic reticulum were probed for 
colocalisation using their respective labels, no obvious colocalisation could be seen at 
any time point for Ficoll 70 and Ficoll 400 (Fig. 5.8). PVP, however, appeared to 




Fig. 5.8. Colocalisation studies involving the Golgi apparatus and the endoplasmic 
reticulum (ER). Cells were incubated with each TRITC-tagged polymer for 1 hour 
and for a further 15 minutes with NBD C6-ceramide (a label for the Golgi apparatus) 
and ER Tracker®. Superimposition of images and the resulting mixed yellow colour 
would indicate colocalisation. None of the polymers showed significant colocalisation 
with the ER. The Ficolls did not show significant colocalisation with the Golgi 
apparatus, but traces of PVP360 could be seen in the Golgi apparatus after 1 hour. 









As Ficoll has been used for many years in the preparation of buffy coats from 
blood samples, it was decided that the uptake of Ficoll into blood cells should also be 
checked. I proposed these experiments to Anna Maria Blocki, who subsequently 
performed them. We were surprised to see that TRITC-Ficoll 70 and TRITC-Ficoll 
400 are taken up very rapidly into mononucleated cells during the 30 minutes it takes 
to prepare buffy coats (Fig 5.9.) These data clearly demonstrate for the first time that 
countless patients must have received Ficoll-laden mononucleated cells from bone 




Fig. 5.9. Uptake within 30 minutes of TRITC-Ficoll 70 and TRITC-Ficoll 400 into 
mononuclear cells during preparation of buffy coats. Buffy coats were prepared from 
peripheral blood using Ficoll-Paque and a standard protocol. During contact and 
preparation (centrifugation) time, 1 µM of each fluorochrome-tagged polymer was 
present. After extensive washing buffy coats were analysed by flow cytometry, which 
revealed significant uptake into granular compartments of all cell types analysed. 
(These experiments were performed by Anna Maria Blocki, Tissue Modulation 









After showing that Ficoll is very likely to undergo degradation within cells, 
we decided that experiments should be done to test whether or not Ficoll might be 
serving as a direct energy source for mesenchymal stem cells and fibroblasts. If it is a 
source of energy, it would provide an alternative explanation for the enhanced 
proliferation and differentiation of hMSCs under conditions of macromolecular 
crowding. I proposed both the Ficoll uptake and metabolism ideas to my supervisors 
during my PhD Qualifying Examination (PQE).  
 
According to  GE Healthcare’s product description, Ficoll is stable in alkaline 
and neutral solutions and can withstand autoclaving at 110ºC. Ficoll undergoes rapid 
hydrolysis at pH 3 [30]. We were very keen to investigate whether or not Ficoll might 
undergo degradation in acidic pH conditions which would simulate the pH of 
intracellular compartments such as the lysosomes. After demonstrating that Ficoll 
enters cells by micropinocytosis and migrates to the lysosomes, we treated both Ficoll 
70 and 400 with an intralysosomal pH of 4.8 for up to 10 hours (Fig. 5.10). We 
discovered that over a period of 10 hours, Ficoll 70 and Ficoll 400 spontaneously 
degraded into increasingly smaller fragments whose size approached that of sucrose 
and glucose. Dextran 670 kDa, on the other hand, remained stable. Since glucose is 
one of the monomeric subunits of Ficoll, we predicted from this experiment that 
Ficoll is degraded at lysosomal pH into sucrose and further into glucose monomers. 
We concluded that this degradation could occur in the absence of disaccharidases. 























Fig. 5.10. Ficoll depolymerises into monosaccharides in vitro at lysosomal pH as 
evidenced by thin layer chromatography (TLC). A) Decay characteristics of Ficoll 
400 (400), Ficoll 70 (70), dextran 670 kDa (Dex), and standards for sucrose (Suc) and 
glucose (Glc), which had been exposed for 5 hrs to buffer solution imitating 
extracellular space (pH 7.2), early endosomes (6.5), late endosomes/secretory vesicles 
(pH 5.5) and lysosomes (pH 4.5). Ficolls disintegrate faster into smaller subunits 
towards the lysosomal pH.  B) To emulate a time course within lysosomes, Ficolls 
and dextran were dissolved in a buffer solution with a pH of 4.8. Aliquots of these 
solutions were analysed after 1, 5 and 10 hours by TLC to monitor fragmentation of 
polymer. Control observations were done at pH 7.2. Sizes of Ficoll degradation 
fragments begin to reach that of monomeric Glc or Suc after 10 hrs. Dextran remained 
stable under these conditions. (These experiments were performed by Sebastian 
Beyer, NanoBioanalytics Laboratory and Tissue Modulation Laboratory, Department 


















We observed an increased proliferation rate over one week in the presence of 
the Ficoll mixture for both hMSC and fibroblasts (Fig. 5.11A and B). The differences 
became noticeable after day 3 and 4, respectively, and were dose-dependent (Fig. 
5.12). In the presence of Ficoll, the intracellular glucose concentration of hMSCs 
doubled (Fig. 5.11C). When hMSCs were deprived of glucose and pyruvate, the 
intracellular glucose concentration dropped to 23% of the control concentration, but 
exposure to the Ficoll mixture rescued the concentration to that of an uncrowded 
control in glucose-containing medium. The progression of a cell through the cell cycle 
has to pass a nutrition checkpoint that requires the activation of Ras and mTOR 
pathways [176]. Since Ficoll supplementation increases the intracellular glucose 
concentration, it is plausible that this pushes the cells through the nutrition checkpoint 
and causes an increase in the mitotic rate. High glucose concentrations have been 
shown to promote the proliferation and differentiation of hMSCs [33, 177]. The 
uptake of sucrose-copolymer by micropinocytosis appears to represent a novel 
alternative to GLUT receptor-mediated monomeric glucose uptake. It also makes 







Fig. 5.11. Ficoll supplementation increases proliferation, increases metabolic activity 
and substitutes for glucose and pyruvate depletion. (A, B) Addition of the Ficoll 
mixture to standard cultures increases proliferation of hMSCs by 25% and of 
fibroblasts by 100%; (C) hMSCs cultured with Ficoll show increased intracellular 
glucose content, while Ficoll supplementation of glucose and pyruvate starved 
hMSCs rescues intracellular glucose content to levels similar to hMSCs in standard 
low glucose medium; (D) hMSCs cultured with Ficoll for only 4 hours prior to the 
MTS assay showed increased metabolic activity  as well as (E) hMSCs cultured with 
Ficoll for 7 days  and (F) hMSCs cultured with Ficoll for 7 days and without Ficoll 4 
hours immediately before measurement; (G) Ficoll supplementation increases the 
metabolic activity of hMSCs deprived of glucose, pyruvate and serum; (H) Glucose-
6-phosphate dehydrogenase activity is increased by Ficoll supplementation; (I) 
hMSCs supplemented with Ficoll showed increased lactate production; *  p value < 
0.05 by Student’s T Test. (These experiments were performed by Peng Yanxian, 





Fig. 5.12. The proliferative effect of Ficoll supplementation is dependent on 
increasing concentrations of the Ficoll mixture. A comparison of different 
concentrations of the Ficoll mixture reveal that reducing the Ficoll concentration 
results in diminished proliferation. *  p value < 0.05 by Student’s T Test. (These 
experiments were performed by Peng Yanxian, Tissue Modulation Laboratory, 
Department of Bioengineering). 
 
To show the increased availability of glucose to the metabolic machinery, 
synthesis of NADPH was measured. NADPH is a byproduct of several metabolic 
reactions, notably the citric acid cycle and pentose phosphate pathway. We measured 
NADPH production with the commercially available MTS assay to assess the overall 
metabolic activity. MSCs that had been cultured for 7 days with the Ficoll mixture 
showed a 53% higher metabolic activity per cell (Fig. 5.11E). It made no difference 
 111 
whether Ficoll exposure occurred just 4 hours prior to measurement (Fig 5.11D), or 
had been removed 4 hours prior to measurement after long term exposure (Fig. 
5.11F). This suggests that the capacity of cells to synthesise NADPH is saturated after 
4 hours of exposure to Ficoll. It also suggests that Ficoll can act as a form of short-
term energy storage in a variety of cell types, thus becoming analogous to glycogen, 
which is the long-term storage form. Any effects of free glucose present from the 
dissolution of Ficoll in cell culture medium could be ruled out since we found that 
only 0.45 mM of glucose could be detected upon dissolving the Ficoll mixture in 
culture medium (Fig. 6.11J). This is negligible when compared to the 5.56 mM 
glucose concentration of LGDMEM. We found no significant increase in proliferation 
when control cells were supplemented with 0.45 mM of glucose (Fig. 5.11K). 
 
In the absence of serum, glucose and pyruvate, Ficoll supplementation 
significantly increased metabolic activity to 69% relative to the control samples (Fig. 
5.11G). The activity of glucose-6-phosphate dehydrogenase was also checked, as this 
represents the rate-limiting step in the pentose phosphate pathway [178] and is known 
to be critical for nucleotide synthesis and, therefore, mitotic cell growth [179]. Ficoll 
supplementation significantly increased glucose-6-phosphate dehydrogenase activity 
by 26% (Fig. 5.11H), thus lending even more support to the hypothesis that Ficoll 
serves as a metabolic substrate in cell culture.  
 
In proliferating cells, there is an increase in glycolysis, despite sufficient 
oxygen levels [180]. This causes an increase in lactate production [33, 180, 181]. 
hMSCs that had been administered Ficoll showed significantly increased lactate 
production (Fig. 5.11I), indicating an increase in aerobic glycolysis, which is known 
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as the Warburg effect. This process generates more precursors for synthesis of fatty 
acids, amino acids and nucleotides. It should be pointed out that glutamine, which is 
widely present in cell culture media, is another important energy source for cells. 
Glutamine is converted into alpha-ketoglutarate, which in turn is processed by the 
tricarboxylic cycle to generate ATP [182]. Glutamine was not depleted in the 
experiments reported here, as this would have affected other non-metabolic pathways, 
including proliferation. All of these experiments prove that Ficoll can fully substitute 





















 Ficoll is not an inert macromolecular crowder. It rapidly enters cells by 
micropinocytosis and colocalises with lysosomes and mitochondria. Ficoll would be 
susceptible to degradation within lysosomes owing to its acid-sensitivity and this idea 
has been supported by experiments in which simulated lysosomal pH was found to 
degrade Ficoll 70 and Ficoll 400 into smaller fragments. Ficoll is metabolised by 
human mesenchymal stem cells and embryonic lung fibroblasts, a finding which 
strongly suggests that Ficoll undergoes degradation within cells, and that its 
breakdown products (monosaccharides and disaccharides) serve as direct metabolic 
substrates. The uptake, degradation and metabolism results are novel findings which 
challenge the long-held assumption that Ficoll is an inert cell culture additive. In 
addition, these findings do suggest that Ficoll is biodegradable. The polymer PVP also 
enters cells by micropinocytosis and persists for at least 3 days. The non-carbohydrate 
nature of PVP suggests that it cannot be metabolised by cells and is therefore not 
biodegradable. 
 
 The metabolism of Ficoll could limit its crowding effects. For any given 
amount of Ficoll that is added to stem cells in vitro, a certain proportion will be 
consumed by cells for metabolic processes, thus lowering the total Ficoll 
concentration that was intended for the crowding effect. We decided to use PVP as an 
alternative crowder because it is not a carbohydrate-based polymer. Since PVP is not 
derived from any sugar monomers, and because it is very likely to be resistant to 
biodegradation, we would not expect it to be broken down by cells even though it 
undergoes cellular uptake (as shown in this chapter). Using PVP, it would thus 
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become possible to influence cell behaviour solely via crowding effects. We decided 
to test the crowding ability of PVP by investigating its effect on the deposition of 
collagen by fibroblasts. The Ficoll mixture has already been shown to enhance 
collagen deposition [1, 7]. The effect of PVP on collagen deposition is discussed in 




























Chapter 6: The Effect of Macromolecular Crowding 




Macromolecules have been used as crowding agents in experiments to 
increase the deposition of collagen I in extracellular matrices [1, 6, 7]. The Ficoll 
mixture, with a fractional volume occupancy (FVO) of approximately 17%, has been 
used extensively to enhance the proliferation of fibroblasts and human mesenchymal 
stem cells (hMSCs) [1, 160]. These Ficolls have also been used to enhance the 
differentiation of hMSCs into the adipogenic and osteoblastic cell lineages [1]. The 
efficacy of the Ficoll mixture alone in bringing about these positive biological effects 
has hitherto never been questioned. It has always been assumed that the Ficoll mixture 
has a unique ability to positively influence the deposition of collagen I in the 
extracellular matrix, which deposition would, in turn, facilitate the proliferation of 
fibroblasts and the differentiation of stem cells. However, if Ficoll is causing these 
effects solely by means of the excluded volume effect (EVE), then it should be 
possible to achieve the same effects by using other macromolecules as crowders. The 
premise is that the non-specific steric interactions which underlie EVE should exist in 
any system that contains macromolecular solutes at the required concentrations.  
 
Collagen I deposition under crowded conditions has been reported to be 
significantly higher than under non-crowded conditions [1]. It should therefore be 
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possible to achieve the same improvement in deposition using another crowder with 
properties similar to Ficoll. We chose polyvinylpyrrolidone (PVP) as an alternative 
crowder. PVP has already been used as a macromolecular crowder in polymerase 
chain reaction (PCR) experiments [183]. It is readily soluble in water, physiologically 
compatible, colourless, non-toxic, non-ionic, chemically inert, temperature- and pH-
stable [184]. The reaction between acetylene and pyrrolidone yields vinylpyrrolidone, 
which can be polymerized into PVP of various sizes. We chose to use 2 different sizes 
of PVP for our collagen deposition experiments – 40 kDa and 360 kDa – to attain 
FVOs similar to those attained with the Ficoll mixture.  
  
Human dermal fibroblasts and Wi38 embryonic fibroblasts have been chosen 
for these experiments. Both these cell types produce collagen abundantly. The effect 
of Ficoll crowders on the capacity of Wi38 cells to deposit collagen I in vitro has 
already been studied extensively [1, 6, 7]. While Ficoll has proven to be quite 
effective as a crowder, certain of its properties suggest that it could be susceptible to 
degradation in and subsequent metabolism by mammalian cells. (The uptake, 
degradation and metabolism of Ficoll are discussed in chapter 5 of this thesis.) PVP, 
on the other hand, is not expected to undergo degradation or metabolism in cells and 







6.2 Materials and Methods 
 
Preparation of solutions of polyvinylpyrrolidone (PVP) and Ficoll 
Polyvinylpyrrolidone (PVP) with a molecular weight of 40 kDa (PVP40) and 360 kDa 
(PVP360) were purchased from Sigma-Aldrich (Singapore). For the low-crowder 
concentration experiments, 50, 100, 300, 400, 500 and 700 g/ml of PVP 360 was 
dissolved in Hanks Buffered Salt Solution (HBSS). HBSS was the buffer of choice 
because it mimics physiological electrolyte concentrations and pH. To prepare 
solutions of PVP40 with fractional volume occupancies (FVO) of 9, 18, 36 and 54% 
in HBSS, 10.75, 21.5, 43, and 64.5 mg/ml of PVP40 were needed. To prepare 
solutions of PVP360 with FVOs of 9, 18, 36 and 54% in HBSS, 1.89, 3.78, 7.56, and 
11.34 mg/ml of PVP360 were needed. The PVP40/PVP360 crowder mixtures were 
prepared according to the required fractional volume occupancies indicated as a 
percentage of the total volume: (1) 18% PVP40 + 18% PVP360 needed 21.5 mg/ml of 
PVP40 and 3.78 mg/ml of PVP360 (2) 9% PVP40 + 9%PVP360 needed 10.75 mg/ml 
of PVP40 and 1.89 mg/ml of PVP360 (3) 7.2% PVP40 and 10.8% PVP360 needed 
8.6 mg/ml of PVP40 and 2.26 mg/ml of PVP360 (4) 6% PVP40 + 12% PVP360 
needed 7.17 mg/ml of PVP40 and 2.52 mg/ml of PVP360. All mixtures were prepared 
in HBSS buffer. The Ficoll mixture was prepared by dissolving 37.5 mg/ml of Ficoll 
70 and 25 mg/ml of Ficoll 400 in HBSS buffer. To prepare the Ficoll mixture at twice 
the usual concentration, 62.5 mg/ml of Ficoll 70 and 50 mg/ml of Ficoll 400 were 





Antibodies and Fluorescent Labels 
The antibodies used were mouse anti-human collagen I monoclonal primary antibody 
(Sigma-Aldrich, Singapore) and AlexaFluor 594 goat anti-mouse secondary antibody 
(Sigma-Aldrich, Singapore). Cell nuclei were stained with 4’,6-diamidino-2-
phenylindoldilactate (DAPI). 
 
Fibroblast Cell Culture 
Human dermal fibroblasts and normal primary embryonic human lung fibroblasts 
(Wi-38 cells) were selected on the basis of their strong collagen I production. The 
cells were cultured routinely at low passage (3-8) as outlined earlier [6]. Fibroblasts 
were seeded on 24-well plates at 40,000 cells per well in 10% fetal bovine serum 
(FBS), 5% CO2 at 37°C. After 16 hours, the cells were cultured under crowded 
conditions, that is, with added macromolecules such as neutrally charged PVP40, 
PVP360 or a mixture of Ficoll 70 and Ficoll 400. To achieve this, the medium was 
changed to Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% FBS and 
100 M of L-ascorbic acid 2-phosphate (as the magnesium salt hexahydrate, a more 
stable form of the ascorbate; [185]) with or without PVP40, PVP360, mixtures of 










A bioimaging station consisting of a Nikon TE600 fluorescence microscope 
connected to a Xenon illuminator (LB-LS/30, Sutter Instrument Company, Novato, 
CA, USA), with an automated Ludl stage (BioPrecision 2, Ludl Electronic Products 
Ltd., Hawthorne, NY, USA) and shutter, and coupled to a Photometrics CoolSNAP 
high-sensitivity cooled monochrome charge-coupled device camera (model HQ, 
Roper Scientific, Pleasanton, CA, USA) was used. Screening of 24-well multiwall 
plates was made possible by autofocus capabilities and an automated stage. Nine 
image sites per well were acquired at 20X original magnification, then stored and 
analysed using the Metamorph® Imaging System software (Molecular Devices, 
Sunnyvale, CA, USA). An image field of 4.48 X 3.34 mm per site was defined for 
each 24-well plate to obtain an image spread of 13.43 X 10.03 mm (134.70 mm
2
) per 
well. The “Count Nuclei” module was used for cell enumeration with specific 
parameters for a region to be considered a positive count, i.e. a countable nucleus. 
These parameters are: (i) areas with a pixel intensity value that is 15 units above that 
of the background; and (ii) fluorescent areas with a minimum length of 10 mm and a 
maximum length of 15 mm. The “Integrated Morphometry Analysis” module was 
used to quantify the area of fluorescent collagen I staining  (which had been deposited 
on the cell layer). Experimental controls were used to determine suitable fluorescent 
intensity thresholds (between 500 and 550). Fluorescent signals below a defined pixel 
intensity value were discounted, thus eliminating measurement of the background 
area. Triangle masks were added to eliminate quantitation of corner autofluorescence. 
This analysis resulted in a data set expressed as area of collagen I per nuclei in mm
2
 




Cell layers were fixed with methanol and blocked with 1% bovine serum albumin 
(BSA) in phosphate-buffered saline (PBS). The primary antibody was incubated for 
1.5 hours, followed by washing three times with PBS. The secondary antibody and 
DAPI were incubated for 1 hour and washed three times with PBS. Cell nuclei and 
deposited collagen I were imaged using an Olympus IX71 inverted microscope and 

















6.3 Results and Discussion 
 
Various mixtures of PVP 40 kDa and PVP 360 kDa were used as 
macromolecular crowders for the deposition of collagen I by human dermal 
fibroblasts (Fig. 6.1). All PVP mixtures enhanced the deposition of collagen I 
considerably when compared to the control cells which had not received any 
macromolecules during the 1-week incubation period. The Ficoll mixture also yielded 
an enhancement in collagen I deposition. Three of the four PVP mixtures, namely 6% 
PVP40 + 12% PVP360, 7.2% PVP40 + 10.8% PVP360, and 9% PVP40 + 9% 
PVP360, had a total fractional volume occupancy (FVO) of 18%. This value is close 
to the total FVO of the Ficoll mixture, which is approximately 17% [1]. The mixture 
containing 7.2% PVP40 and 10.8% PVP360 (Mix 2) appears to be the optimum 
mixture for enhancing collagen I deposition. Mix 2 produces approximately the same 
fold increase in collagen I deposition as the Ficoll mixture with a 17% FVO (compare 
Fig. 6.1 with Fig. 6.6). These results suggest that PVP Mix 2 is as effective as the 
Ficoll mixture and could serve as a substitute for the latter mixture in cell proliferation 




Fig 6.1. Comparing the macromolecular crowding effects of various mixtures of 
polyvinylpyrrolidone (PVP) and Ficoll mixtures on collagen I deposition by human 
dermal fibroblasts (HDFs). Cells were incubated for 1 week with mixtures of PVP 40 
and PVP360 and mixtures of Ficoll 70 and Ficoll 400. The percentages in the above 
figure refer to fractional volume occupancies (FVOs). The FVO of the Ficoll mixture 
is 17% and that of the Ficoll mixture 2X is 34%. [Collagen staining is shown in red 
and DAPI staining of cell nuclei is shown in blue.] 
 
When the total FVO of the PVP mixtures was doubled to 36% by using 18% 
PVP40 and 18% PVP360 as the crowder, an enhancement in collagen I deposition 
was still evident (Fig. 6.1). On the other hand, doubling the concentration of the Ficoll 
mixture to achieve an FVO of 34% (Ficoll mixture 2X) resulted in an inhibition of 
collagen I deposition Fig. 6.6). This result was quite surprising because a completely 
opposite result was obtained when the PVP mixture was doubled in concentration. 
Therefore, PVP and Ficoll differ in their interactions with cells. [The very question of 
“inertness” with respect to specific interactions with cells was addressed in Chapter 5 
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of this thesis.] A quantitative analysis of the results in Fig 5.1 is presented in graphical 





























Fig. 6.2. Quantitative analysis of the effect of mixtures of polyvinylpyrrolidone (PVP) 
40 kDa and 360 kDa on the amount of collagen 1 deposited by human dermal 
fibroblasts (HDFs). Mix 1 = 6% PVP40 + 12% PVP360, Mix 2 = 7.2% PVP40 + 
10.8% PVP360, Mix 3 = 9% PVP40 + 9% PVP360, and Mix 4 = 18% PVP40 + 18% 
PVP360. All percentages refer to the fractional volume occupancy (FVO). 
 
Similar experiments were performed with normal primary embryonic human 
lung fibroblasts (Wi38 cells) and the PVP mixtures. Wi38 cells differ significantly 
from HDFs in their ability to deposit collagen I in extracellular matrices (Fig. 6.1 and 
6.3). All PVP mixtures increased the amount of collagen I deposition with respect to 
the control cells which had not received any macromolecules during the course of the 
1-week experiment (Fig. 6.3). [Owing to the lower amounts of collagen I deposited by 
Wi38 cells, no quantitative analysis of the images obtained with these cells was 
performed.] The 18% PVP40 + 18% PVP360 mixture, which has a total FVO of 36%, 
yielded the most collagen I in the cell layer. The Ficoll mixture and 2X Ficoll mixture 
did not appear to have a noticeable effect on collagen I deposition by Wi38 cells. 
With regard to the Ficoll mixture, this result contrasts sharply with that obtained with 
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the HDFs, which responded positively to the Ficoll mixture (but negatively to the 2X 
Ficoll mixture). On the whole, the results shown in Figs. 6.1, 6.2 and 6.3 provide 
convincing evidence that PVP is an efficient macromolecular crowder. If a mixture of 
two different sizes of PVP is to be used in ECM deposition experiments, then the 18% 
PVP40 + 18% PVP360 mixture would appear to be the best choice. The effects of 
higher concentrations of PVP40 and PVP360, namely 54% of PVP40 and 54% of 
PVP360, are illustrated in Fig. 6.6 and 6.7. 
 
 
Fig 6.3. Comparing the macromolecular crowding effects of various mixtures of 
polyvinylpyrrolidone (PVP) and Ficoll mixtures on collagen I deposition by normal 
primary embryonic human lung fibroblasts (Wi38 cells). Cells were incubated for 1 
week with mixtures of PVP 40 kDa and PVP360 kDa and mixtures of Ficoll 70 and 
Ficoll 400. The percentages in the above figure refer to fractional volume occupancies 
(FVOs). The control was not given any PVP or Ficoll. The FVO of the Ficoll mixture 
is 17% and that of the Ficoll mixture 2X is 34%. [Collagen staining is shown in red 





After the successful experiments with mixtures of PVP, it was decided that the 
individual effects of PVP 40 kDa and PVP 360 kDa on collagen I deposition should 
be investigated in order to gain a better understanding of the mechanism at play. 
PVP40 and PVP360 were each applied to HDFs at FVOs of 9%, 18%, 36% and 54% 
(Fig. 6.4). In the case of PVP40, FVOs of 9%, 18% and 36% increased collagen I 
deposition. An FVO of 54% appeared to inhibit collagen I deposition. In the case of 
PVP360, FVOs of 9%, 18%, 36% and 54% all enhanced the deposition of collagen I 
with respect the control cells which had not received any PVP during the course of the 
1-week experiment. A quantitative analysis of the results in Fig 6.4 is presented in 








Fig. 6.4. The effect of single-component PVP solutions on the deposition of collagen I 
in the cell layer by human dermal fibroblasts (HDFs). Cells were incubated with 
solutions of PVP 40 kDa and PVP 360 kDa for 1 week. The percentages in the above 
figure refer to fractional volume occupancies (FVOs). The control was not given any 
PVP or Ficoll. HDFs were separately incubated with solutions of 9%, 18%, 36% and 
54% of PVP 40 kDa and with 9%, 18%, 36% and 54% of PVP 360 kDa. [Collagen 
































Fig. 6.5. Quantitative analysis of the effect of polyvinylpyrrolidone (PVP) 40 kDa and 
360 kDa on the amount of collagen 1 deposited by human dermal fibroblasts (HDFs). 
Both molecular weights were used at fractional volume occupancies (FVOs) of 9%, 
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Fig. 6.6. The effect of polyvinylpyrrolidone (PVP) 40 kDa and 360 kDa on the 
amount of collagen 1 deposited by human dermal fibroblasts (HDFs). Both molecular 
weights were used at fractional volume occupancies (FVOs) of 54%. The effects of 
the Ficoll mixture and a mix of twice the strength were also tested. PVP40 at 54% 
FVO and the Ficoll mixture at 34% FVO inhibited deposition, while PVP360 at 54% 
FVO and the Ficoll mixture enhanced it. 
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The Wi38 fibroblasts responded slightly differently to the individual PVPs 
(Fig. 6.7). In the case of PVP40, FVOs of 9% and 18% increased the amount of 
collagen I deposition. As for PVP360, FVOs of 9%, 18%, 36% and 54% all enhanced 
the deposition of collagen I with respect the control cells which had not received any 




Fig. 6.7. The effect of single-component PVP mixtures on the deposition of collagen I 
in the cell layer by normal primary embryonic human lung fibroblasts (Wi38 cells). 
Cells were incubated with solutions of PVP 40 kDa and PVP 360 kDa for 1 week. 
The percentages in the above figure refer to fractional volume occupancies (FVOs). 
The control was not given any PVP or Ficoll. HDFs were separately incubated with 
solutions of 9%, 18%, 36% and 54% of PVP 40 kDa and with 9%, 18%, 36% and 
54% of PVP 360 kDa. [Collagen staining is shown in red and DAPI staining of cell 




The results obtained from experiments in which extremely low concentrations 
of PVP 360 kDa were used to influence collagen I deposition were quite dramatic and 
astonishing. The concentrations used were 50, 100, 300, 400, 500 and 700 g/ml of 
PVP360, whose FVOs are considerably lower than 1%. All of these concentrations 
increased collagen I deposition with respect to the control cells which had not 
received any PVP360 during the course of the 1-week experiment (Fig. 6.8). These 
results show quite clearly that PVP360 can be used alone at low concentrations to 
increase the amount of collagen I deposited into the ECM. This suggests that higher 
concentrations of PVP and, thus, higher FVOs,  may not be absolutely necessary for 






Fig. 6.8. The effect of low concentrations of polyvinylpyrrolidone (PVP) 360 kDa on 
the deposition of collagen I by human dermal fibroblasts. Cells were incubated for 1 
week with 50, 100, 300, 400, 500 and 700 g/ml of PVP360. The fractional volume 
occupancies (FVOs) of all these concentrations were much less than 1%. The control 
was not given any PVP or Ficoll. [Collagen staining is shown in red and DAPI 








Fig. 6.9. Quantitative analysis of the effect of low concentrations of 
polyvinylpyrrolidone (PVP) 360 kDa on the deposition of collagen I by human dermal 
fibroblasts (HDFs). The fractional volume occupancies (FVOs) of all these 
concentrations were much less than 1%. The control was not given any PVP or Ficoll. 
“Fcmix” refers to the Ficoll mixture with an FVO of 17%. 
 
As with the experiments involving PVP mixtures, the Wi38 fibroblasts 
differed in their response to the low concentrations of PVP360 (Fig. 6.10). The 
amount of collagen I deposited by these cells into the ECM was markedly lower than 
HDFs. However, there appears to be a slight increase in the amount of collagen I 
deposition with all the low PVP360 concentrations. PVP360 at a concentration of 700 
g/ml seemed to promote the most collagen I deposition.  
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Fig. 6.10. The effect of low concentrations of polyvinylpyrrolidone (PVP) 360 kDa 
on the deposition of collagen I by normal primary embryonic human lung fibroblasts 
(Wi38 cells). Cells were incubated for 1 week with 50, 100, 300, 400, 500 and 700 
g/ml of PVP360. The fractional volume occupancies (FVOs) of all these 
concentrations were much less than 1%. The control was not given any PVP or Ficoll. 














We have shown for the first time that polyvinylpyrrolidone (PVP) enhances 
the deposition of collagen I by cells. Two different sizes of PVP, namely 40 kDa and 
360 kDa, can increase the amount of collagen deposited.  Both the results reported in 
this chapter and the results from the collagen aggregation experiments reported in 
chapter 4 strongly suggest that PVP can be used as a macromolecular crowder for 
tissue engineering purposes. Based on previous experiments where Ficoll was shown 
to enhance cell proliferation by increasing collagen deposition [1], we predict that 
PVP could also drive cell proliferation via the same mechanism. 
 
Having shown that PVP has a positive effect on cells in vitro, we decided to 
go one step further and investigate the behaviour of PVP in a whole organism. We 
were concerned about the accumulation of PVP in an organism because of its non-
carbohydrate building blocks. Since we were able to show that Ficoll is metabolised 
by cells, we concluded that Ficoll would very likely be broken down in an organism, 
while PVP would not undergo degradation or would undergo degradation over a very 
long period of time. The distribution and fate of PVP in zebrafish embryos are 





Chapter 7: The Distribution and Fate of 
Polyvinylpyrrolidone in Zebrafish Embryos 
7.1 Introduction 
 
In this chapter, experiments involving the interactions of a polymer called 
polyvinylpyrrolidone (PVP) with zebrafish (Danio rerio) embryos are presented. PVP 
is a polymer which was first produced in 1938. When acetylene is reacted with 
pyrrolidone, the resulting product is vinylpyrrolidone, which can be polymerised into 
PVP. It is readily soluble in water, physiologically compatible, colourless, non-toxic, 
non-ionic, chemically inert, temperature- and pH-stable [184]. These physical 
properties of PVP have bestowed upon it numerous applications in the pharmaceutical 
industry, medicine and cosmetics [184]. PVP was used as a blood plasma expander in 
World War II and after the 1950s it was used to treat trauma victims [161]. It has also 
been used as a binder, emulsion stabilizer, film former, and hair fixative [186]. PVP 
was once used as a marker for pinocytosis uptake and was considered the gold 
standard [187]. However, because PVP was conjugated to a radioactive label, its use 
came to an end despite its many favourable properties, which include minimal 
adsorption onto cell membranes [187] and resistance to degradation [184] when 
compared to dextrans and other polymers in common use.  
 
PVP is one of the most widely used excipients in the pharmaceutical industry. 
Depending upon its specific dosage form, it acts as a binder, bioavailability enhancer, 
solubiliser, stabiliser and toxicity reducer [184].  
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PVP is a polymer which has a hydrodynamic radius in the nanometre range 
[40]. This size range is important because of the existence of nanoparticles. The 
definition of a nanoparticle (NP) is any particle with at least one dimension measuring 
between 0 and 100 nm [39]. Some polymeric nanoparticles have been classified as 
pollutants because they have a tendency to accumulate in the environment. They have 
thus attracted much scientific interest and public concern. Upon exposure to 
ultraviolet radiation in sunlight and mechanical disruption, polymers that have been 
discarded into the sea are known to degrade into particles with a radius ranging from 
20 to 150 nm. Nanoparticles within this size range are capable of entering the blood 
circulation of vertebrate organisms, and several studies have reported the 
accumulation of nanoparticles within various organisms, from fish to humans.  These 
routes of entry include absorption into the blood circulation from ingested food in the 
gastrointestinal tract, absorption through the skin, entry via the respiratory system as 
well as other less common routes.  
 
PVP is known to accumulate in the human body and cause PVP granuloma, 
commonly referred to as PVP storage disease [35, 36] . This disorder occurs in 
patients who have received high molecular weight PVP, which cannot be excreted 
from the body. PVP penetrates histiocytes, which proliferate and infiltrate the 
reticuloendothelial system. It has been reported that a patient who had received a large 
quantity of PVP-containing solution over several years subsequently developed bone 
marrow failure and myelofibrosis [35]. A separate study reports the occurrence of 
pathological bone fracture and anaemia in a 65-year-old female who had been 
receiving frequent nutritional supplements intravenously. These supplements 
contained PVP.  
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Over the years, PVP has been widely used in biological and pharmaceutical 
research, but there is a strong yet unfulfilled need to evaluate the fate of PVP in cells 
and tissues. The interactions between a promising photosensitizer called hypericin and 
a novel pharmaceutical preparation containing N-methyl pyrrolidone (NMP) and PVP 
have been studied by Liu et al [37]. The applications of hypericin include 
photodynamic therapy and photodynamic diagnosis of cancer. The study clearly 
demonstrated that PVP (1) improves the solubility of hypericin (2) interacts with 
hypericin, and (3) enhances the uptake of the drug into tumour cells. The nature of 
PVP’s interactions with cells, however, could not be established because fluorophore-
labelled PVP was not yet available.  
 
As PVP is a commonly used biomaterial, the nature of its interactions with 
living organisms warrants investigation. Using a novel protocol for the conjugation of 
PVP to fluorescent dyes, the following conjugates have been produced: FITC-tagged, 
TRITC-tagged, BODIPY-FL-tagged and BODIPY-TMR-tagged PVP. The protocol 
involves the following steps: (1) TRITC or BODIPY dye is functionalised with 
ethylene diamine to introduce a free amine group; (2) PVP is treated with a 
photocrosslinker called 5-azido-2-nitrobenzoic acid N-hydroxysuccinimide ester and 
exposed to ultraviolet light for up to 1  minute; (3) amine-functionalised TRITC or 
BODIPY dye is mixed with the PVP-photocrosslinker conjugate in an equimolar 
ratio; (4) TRITC- or BODIPY-conjugated PVP is purified either on a spin-column or 
in a dialysis membrane. All the four conjugates listed above are rapidly taken up by 
human mesenchymal stem cells (hMSCs). We have already tracked the fate of one of 
these conjugates, PVP-TRITC, in hMSCs and found that it persists for up to 72 hours 
(Fig 5.1, 5.2 and 5.3). We have injected PVP-BODIPY-TMR into zebrafish embryos 
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48 hours post-fertilization (hpf) and observed that the conjugate is circulated to 
various tissues and is gradually washed out over a 96-hour period. On the basis of our 
experimental results, we would like to propose that fluorophore-conjugated PVP is a 
versatile research tool that can help answer many outstanding questions in biology. As 
was outlined in Chapter 1 of this thesis, nanomaterials in general have attracted 
considerable interest in recent years owing to their applications in the diagnosis, 
treatment and prevention of disease. Nanobiotechnology and nanomedicine, which 
refer to the application of nanotechnology to biological and medical research, 
respectively, hold great promise. As these two disciplines deal with structures and 
events occurring on the nanometre length scale, they necessitate a multi-disciplinary 
approach to addressing scientific questions and, as a result, have the potential to 
greatly improve our understanding of living systems [38]. By establishing 
collaborations between scientists from biology, chemistry, engineering, materials 
science, medicine, and physics, it becomes possible to deepen our understanding of 
how living organisms work on a fundamental level, as well as to devise new strategies 
to effectively treat disease and improve the quality of life.  
  
NPs are being used more often in industry and this will inevitably result in 
more frequent human exposure. A number of studies have already been conducted to 
investigate NP-associated toxicity [188, 189], but the amount of toxicity data 
available at the moment is still far from adequate. Most studies in the NP field involve 
experiments on cell cultures. Currently, there are not many studies which focus on the 
interaction of NPs with living organisms and the subsequent consequences. It is 
known that NPs persist within organisms after ingestion [190]. The degree of 
retention appears to depend on nanoparticle size [191] and surface chemistry [192]. 
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Quantum dots have been found to home specifically to lymph nodes, the liver and 
bone marrow. Nonspecific interactions have been reduced through the use of a PEG 
surface coating [193]. The retention of NPs in an organism may be caused by 
aggregation, deposition and cellular uptake [191, 194]. It has also been demonstrated 
that NPs can cross the cell and nuclear membranes and bind with DNA, resulting in 
damage [194-196]. Quantum dots can cross the placenta in pregnant mice and come 
















7.2 Materials and Methods 
 
Fluorescent Dyes 
Atto565, fluorescein isothiocyanate (FITC), tetramethylrhodamine isothiocyanate 
(TRITC) and PVP 360 kDa were purchased from Sigma-Aldrich (Singapore). 
BODIPY-FL and BODIPY-TMR were purchased from Invitrogen (Singapore).  
 
Cell culture and PVP uptake 
 
Human mesenchymal stem cells (hMSCs) were seeded on 8-well Lab-Tek chamber 
slides with a borosilicate bottom (NUNC) at 10,000 cells per well in low-glucose 
Dulbecco’s Modified Eagle Medium (LGDMEM, Gibco-Life-Technologies) with 
10% fetal bovine serum (FBS) and 1% penicillin-streptomycin, in a humidified 
atmosphere with 5% CO2 at 37°C. After 16 hours, cells were separately incubated 
with 1 μM of FITC-, TRITC-, BODIPY-FL- and BODIPY-TMR-conjugated 
polyvinylpyrrolidone (PVP) 360 kDa for 1 hour in serum-and phenol-free LGDMEM  
and then imaged under a confocal microscope.  
 
Confocal Imaging 
A commercial laser scanning confocal microscope (FV300, Olympus) was used to 
examine the uptake of the fluorophore-conjugated PVP360 into hMSCs. Excitation 
beams from a 488-nm Ar laser and a 543-nm HeNe ion laser (Melles Griot, 
Singapore) were reflected by an excitation dichroic mirror and a scanning mirror, and 
then focused by a water immersion objective (60X, NA1.2, Olympus) into the 
fluorescent sample. The emission light after the confocal pinhole was focused by a 
lens (Achromats f = 60 mm, Linos were focused by a water immersion objective lens 
(60X, NA1.2, Olympus) into the fluorescent sample. The emission beam was 
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collected by the same objective and was received by a photomultiplier tube (PMT) 
after the confocal pinhole. Images were acquired using the Olympus FV300 image 
acquisition software.  
 
 
Injection of polyvinylpyrrolidone (PVP) into Live Zebrafish Embryos 
Zebrafish embryos were dechorionated at 48 hours post fertilization (hpf), 
anesthetized in 0.05% tricaine and immobilized in 1.5% low melting point agarose on 
a petridish. Prepared solutions of 1 μM BODIPY-TMR-PVP360 or Gly-BODIPY-
TMR were directly injected into the heart atrium using a sharp microinjection needle 
and a FemtoJet Microinjector (Eppendorf). The needles were pulled from borosilicate 
glass capillaries (Harvard Apparatus) using a dual stage glass micropipette puller 
(Narishige). After injection, zebrafish were maintained in 30% Danieau’s solution in a 











7.3 Results and Discussion 
Fig. 7.1 Uptake of FITC-, TRITC, BODIPY-FL- and BODIPY-TMR-tagged PVP 360 
kDa into human mesenchymal stem cells as visualised by confocal microscopy. All 
four conjugates were taken up by cells after a 1-hour incubation at 37°C. (Scale bar = 
20 m.) 
 
After the successful conjugation of the FITC dye to PVP 360 kDa via nitrene 
chemistry, several other conjugates were prepared. These conjugates include TRITC-
tagged, BODIPY-FL-tagged and BODIPY-TMR-tagged PVP 360 kDa. The uptake of 
all four of these conjugates into human mesenchymal stem cells (hMSCs) was 
investigated via confocal microscopy using a protocol similar to that described in 
chapter 6 for the uptake of TRITC-tagged PVP360, Ficoll 70 and 400. The four 
conjugates were taken up hMSCs swiftly in one hour (Fig. 7.1). These results clearly 
show that the uptake of a PVP360 conjugate does not depend upon the identity of the 
fluorophore to which it is conjugated. Based upon these results, BODIPY-TMR-
tagged PVP360 was selected for the subsequent experiments with zebrafish embryos 
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for two main reasons (1) the BODIPY dyes are more photostable than FITC and 
TRITC; and (2) two-colour colocalisation studies can be performed with a green 
fluorescent dye (e.g. green fluorescent protein (GFP)) labelling a specific structure 
within the embryos.  
 
After deciding that the TRITC and BODIPY-TMR dyes would serve as better 
labels than the other two green fluorescent dyes, the hydrodynamic radii ( Hr ) of the 
former two dyes were measured by fluorescence correlation spectroscopy (FCS). 
TRITC-tagged PVP360 has an Hr  of 14.3 nm and BODIPY-TMR-tagged PVP360 has 
an Hr  of 21.0 nm (Table 7.1). 
 
Table 7.1. The hydrodynamic radii of fluorophore-PVP 360 conjugates 
Conjugate Hydrodynamic Radius (rH) 
(nm) 
TRITC-PVP 360 14.3 
BODIPY-TMR-PVP 360 21.0 
 
 
 The initial experiments with TRITC-PVP360 in zebrafish embryos revealed 
that the TRITC dye was more susceptible to photobleaching than the BODIPY-TMR 
dye. Since the difference between the hydrodynamic radii of the two conjugates is not 
very large, BODIPY-TMR-PVP360 was selected for all the subsequent experiments. 
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Fig. 7.2 The distribution of BODIPY-TMR-tagged PVP 360 kDa within a zebrafish 
embryo at 48 hpf as visualised by confocal microscopy. The image was acquired 
immediately after injecting the embryo with the PVP conjugate. (Left) Fluorescence 
image of the head of an embryo and (right) the corresponding brightfield image. 
(Scale bar = 50 m.) 
 
 
BODIPY-TMR-tagged PVP 360 kDa was distributed to different parts of the 
head of a zebrafish embryo (Fig. 7.2). BODIPY-TMR-PVP360 could be seen in the 
forebrain and the midbrain as well as in the yolk sac. Interestingly, the polymer 
labelled small, narrow structures within the midbrain which were subsequently 
identified as blood vessels (see Fig. 7.4 and the accompanying discussion). This 
experiment shows that a large polymer like PVP360 becomes distributed to specific 
parts of an embryo post-injection.  
 
To our knowledge, this is the first time that an experiment of this kind has 
been performed in zebrafish embryos. It has been reported in a Master’s degree thesis 
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that the distribution of quantum dots has been investigated in zebrafish embryos 
[198]. The purpose of this thesis was to study the toxic effects of quantum dots in a 
whole organism, which served as an extension of the many studies that had already 
been performed on cells in vitro. The author of this thesis described a method for 
injecting embryos with quantum dots and tracking them via fluorescence microscopy.  
 
The observation that PVP360 circulates to different regions of an embryo’s 
head is very significant because it could indicate the possible cause of PVP storage 
disease (or PVP granuloma). The accumulation of the polymer in different tissues 
could have pathological consequences. Based upon this experiment as well as the 
findings reported in the Master’s degree thesis, it can be concluded that the zebrafish 
embryo is an extremely useful experimental model for studying the distribution, fate 
and potential toxic consequences of polymer accumulation in tissues. 
 
After the encouraging results of the PVP360 distribution experiments, further 
experiments were conducted to compare the distribution of BODIPY-TMR-tagged 
PVP360 with that of the BODIPY-TMR dye alone. Immediately after injection into 
the embryonic heart, both the dye and the PVP-dye conjugate were circulated to 
different parts of the head (Fig. 7.3). As in Fig. 7.2, the labelling of the small and 
narrow structures in the midbrain can be seen in Fig. 7.3. These structures could not 
be clearly seen in the embryo which had been injected with the BODIPY-TMR dye 
alone. This is one key difference between the distribution patterns of BODIPY-TMR-




Fig. 7.3 Comparing the distribution and fate of BODIPY-TMR-tagged PVP 360 kDa 
and BODIPY-TMR dye over a 96 hours in zebrafish embryos. The embryos were 
injected with PVP conjugate or dye alone at 48 hpf and were tracked by confocal 
microscopy over a further 96-hour period. (Scale bar = 50 m.) 
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 The embryos were incubated for a further 96 hours post-injection. After 24 
hours, there is a stark difference between the two groups of embryos: those which had 
received BODIPY-TMR-PVP360 still showed fluorescence signal in the head, while 
those which had received BODIPY-TMR dye alone did not show a fluorescence 
signal except in the yolk sac. This is another key difference between the distribution 
patterns. Since PVP360 is much larger than BODIPY-TMR (~ 1 kDa), the differences 
might indicate that PVP360 is being retained in tissues within the head while the 
much smaller dye is being cleared much more rapidly from these regions.  
 
 96 hours after injection, fluorescence was still evident in the head of the 
BODIPY-TMR-PVP360-treated embryo, while almost no fluorescence could be seen 
in the embryo which had been injected with dye alone. Owing to maturation of the 
embryo, the eyes have developed more pigmentation, which is the source of the 
fluorescence signal that can be seen in the head. The weaker fluorescence signal in the 
PVP360-treated fish could be the result of polymer washout over the 96-hour 
incubation period.  
 
 From this experiment it can be concluded that the fate of a fluorophore-tagged 
polymer can be easily tracked in zebrafish embryos over a period of several days. It 
now becomes possible to study interactions between polymers and tissues in a whole 






Lastly, the identity of the small and narrow structures that were labelled by 
BODIPY-TMR-PVP360 in the head was revealed by performing colocalisation 
experiments in which zebrafish embryos expressing GFP-tagged Fli-1 were used. 
GFP-Fli-1 is a label for the endothelial cells of blood vessels [199]. In Fig. 7.4, 
BODIPY-TMR-PVP360 (red) can be seen within the structures expressing the GFP-
Fli-1 (green). This image shows that PVP360 enters the blood circulation of the brain 




Fig. 7.4 The colocalisation of BODIPY-TMR-tagged PVP360 (red fluorescence) with 
blood vessels expressing GFP-tagged Fli-1 (green fluorescence) in the head of a 










 PVP360 can be microinjected into 48-hpf zebrafish embryos and tracked for 
several days. This polymer has been found to persist within embryos for up to 96 
hours. After PVP360 is injected into the blood stream, it is rapidly distributed to 
different parts of the embryo. PVP360 has been observed to enter the blood 
circulation of the brain. Together with the experiments showing the accumulation of 
PVP360 in cells, the results reported in this chapter clearly suggest that PVP360 has a 
tendency to accumulate within living tissue. These experiments highlight the 
importance of studying the fate of polymers in cells and organisms, with an emphasis 
on polymers whose chemical structures suggest resistance to biochemical degradation. 
PVP does not appear to be biodegradable and therefore must be used carefully when 










Chapter 8: Conclusions & Outlook 
 
The objective of this thesis was to find out how Ficoll increases the rate of cell 
proliferation and how it enhances the differentiation of human mesenchymal stem 
cells. While the positive biological effects of Ficoll are quite obvious and have been 
reproducible for a number of years, its mechanism of action was not entirely clear. If 
the use of Ficoll as an additive for stem cell culture was to be encouraged amongst the 
research community, this mechanism had to be determined. In attempting to find out 
how Ficoll modifies cell behaviour, this thesis has employed the principles of several 
disciplines: Biology (stem cells, fibroblasts and blood cells), Chemistry (polymers, 
excluded volume and reaction rates), Physics (fluorescence, diffusion and 
microscopy) and Nanobiotechnology (cellular uptake of nanomaterials, toxicity, 
intracellular routing and metabolic effects).  
 
The crowding properties of the Ficoll mixture were put forth as a possible 
explanation for the observed effects on stem cell behaviour. When we studied the 
diffusion of probes in solutions of Ficoll by fluorescence correlation spectroscopy 
(FCS), we were able to distinguish between the microviscosity sensed by the probes 
and the bulk viscosity (macroviscosity) that was measured by the use of a viscometer. 
This microviscosity was demonstrated by a non-linear variation of probe diffusion 
time with the bulk viscosity of the solutions that were tested. We also observed the 
anomalous diffusion of probes, which is a feature of environments that contain 
(mobile) obstacles that serve as crowders. The presence of both microviscosity and 
anomalous diffusion confirms that our Ficoll solutions bear the known properties of 
crowded environments. 
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 Having studied probe diffusion in solution, we performed experiments to 
determine whether or not Ficoll could influence diffusion within the cell surface 
membrane. The cell membrane is a cell’s point of contact with its environment and 
we hypothesised that Ficoll in the cell culture medium could affect the diffusion of 
membrane receptors, specifically in membrane domains known as lipid rafts. We 
chose lipid rafts because they have been implicated in numerous cellular processes, 
including signal transduction. In order to enhance a cellular process such as 
differentiation, Ficoll could promote the clustering of membrane receptors within 
lipid rafts. Clustering would lead to slower lipid-raft diffusion, which could be 
detected by FCS measurements on the membrane. Our experiments show that Ficoll 
does not affect the translational diffusion coefficients of molecular probes in cell 
membranes and supported lipid bilayers. This is not surprising because the viscosities 
of these membranes are much higher than the viscosity of the Ficoll mixture. 
Macromolecular crowding caused by Ficoll does not seem to enhance stem cell 
differentiation by directly retarding the diffusion of membrane-associated molecules 
in lipid rafts. In addition, our measurements do not suggest the formation of clusters 
(of, for example, receptors) within the membrane.  
 
 After demonstrating that Ficoll was not influencing diffusion within 
membranes either through the excluded volume effect or bulk viscosity, we moved on 
to experiments that would test the effect of Ficoll on cellular reactions. We have 
shown that Ficoll accelerates the rate of actin polymerisation and the rate of collagen 
fibrillogenesis. It can be concluded from these results that Ficoll is an effective 
macromolecular crowder for reactions occurring in solution, and a general increase in 
reaction rates can be expected from its use. 
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After demonstrating that Ficoll can enhance biochemical reaction rates, it 
became apparent that a comprehensive study of Ficoll’s interactions with cells had 
never been carried out. It had been assumed that Ficoll was inert with respect to cells, 
but this had never been confirmed through experiment. We began to question this 
assumption. Due to the chemical nature of Ficoll, we sought an alternative 
explanation for the enhanced stem cell behaviour. Since Ficoll is a carbohydrate 
polymer, it could serve as a direct metabolic substrate for cells and enhance cellular 
activity in general. It had been assumed for a long time that Ficoll is an inert crowder, 
which assumption, based upon the results of this thesis, is clearly not the case. Ficoll 
rapidly enters cells by micropinocytosis and colocalises with lysosomes and 
mitochondria. These findings alone suggest that Ficoll is undergoing specific 
interactions with cells, over and above the non-specific crowding effect. 
 
Building upon the uptake data, the susceptibility of Ficoll to degradation 
within lysosomes (owing to its acid sensitivity) was proven by experiments in which 
simulated lysosomal pH was found to degrade Ficoll 70 and Ficoll 400 into smaller 
fragments. These results immediately led to new experiments which showed that 
Ficoll is metabolised by human mesenchymal stem cells and human embryonic lung 
fibroblasts. The enhanced proliferation and differentiation of stem cells could thus be 
due to a combination of macromolecular crowding and augmented cellular 
metabolism over defined time periods. 
 
On a separate topic, we would like to briefly mention here that the results of 
the Ficoll metabolism experiments suggest that the countless number of patients who 
have been receiving Ficoll-treated mononucleated cells from bone marrow 
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preparations over the last two to three decades were not likely to have retained Ficoll 
within their bodies. The Ficoll would have been rendered safe by metabolism. The 
medical community had assumed that Ficoll was inert, even though no studies had 
been carried out to prove that Ficoll was not being internalised by cells. This thesis 
now shows that this assumption is not correct. 
 
Having shown that Ficoll is susceptible to degradation and metabolism, we 
decided to test the crowding effects of another macromolecule that would not be 
susceptible to metabolic consumption. We chose polyvinylpyrrolidone (PVP). The 
enhanced deposition of collagen under the influence of crowding is the basis of the 
stem cell-ECM reciprocity theory that has been put forward by the Tissue Modulation 
Laboratory. We wanted to ascertain whether or not PVP, acting as a macromolecular 
crowder, could enhance the deposition of collagen in the ECM to the same extent as 
Ficoll. The consumption of Ficoll by cells as an energy source would deplete it from 
the cell culture medium and thus reduce the Ficoll concentration available for 
crowding. PVP, on the other hand, is not derived from carbohydrate monomers and so 
would not be metabolised. Since there is no known mechanism for PVP degradation 
by cells, we would expect the PVP concentration in the cell culture medium to remain 
constant. 
 
We have shown that the amount of collagen deposited increases significantly 
in the presence of PVP. The experiments suggest that macromolecular crowding is 
indeed playing a role in enhancing ECM deposition. This finding should be reinforced 
by experiments which would test the effect of PVP on the rate of proliferation of stem 
cells and the efficiency of differentiation. I propose that new experiments be carried 
 153 
out to determine whether or not PVP 40 kDa or PVP 360 kDa or a mixture of the two 
sizes can accelerate cell proliferation and enhance differentiation. However, there is a 
fine balance between driving biochemical reactions using macromolecules as cell 
culture additives and the dosing of cells with the same macromolecules that can be 
taken up quite readily by cells. On the one hand, if PVP is found to drive proliferation 
and differentiation, it would strengthen the notion that macromolecular crowding is 
itself an effective tool in bringing about dramatic phenotypic changes in cell culture. 
On the other hand, the accumulation of PVP within cells is now an established fact 
and the consequences of this accumulation would have to be systematically addressed.  
 
One possible strategy would entail PVP being used as a crowder to improve 
the quality of ECM deposited by one batch of cells, which would be followed by the 
removal of these cells from the culture through a process known as “decellularisation” 
and the seeding of a fresh batch of cells on the “enhanced” ECM. As long as PVP 
itself does not accumulate within the ECM, the second batch of cells would have no 
contact with the polymer and would therefore not transport any PVP into the body of 
a patient.  
 
It is interesting to note that while PVP labelled with radioactive iodine-131 
had been used as an endocytosis marker in the past, comprehensive studies that 
addressed the fate of PVP within cells post-uptake were not subsequently reported. 
The information generated from studies utilising PVP as an endocytosis marker in one 
particular field (for example, cell biology) was not systematically conveyed to other 
fields of research in which the exposure of cells to polymers is carried out routinely. 
By showing that PVP colocalises with certain organelles, persists in cells for several 
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days and acts as a macromolecular crowder, this thesis bridges an important gap in 
research. Since PVP is expected not to be metabolised by cells, it would most likely 
prove to be a better crowder than Ficoll, the latter having been proven to be quite 
susceptible to degradation. 
 
Ficoll and PVP are macromolecules with very different properties. Both can 
be taken up by cells. However, Ficoll is metabolised and rendered harmless, whereas 
PVP would accumulate in tissues and organs. The incidence of PVP storage disease 
supports the latter claim. Ficoll and other novel carbohydrate-based polymers would 
be suitable for systemic drug delivery, whereas PVP would be more appropriate for 
local or topical drug administration.  
 
In terms of ex vivo ECM production, PVP appears to be the better 
macromolecular crowder. Due to its tendency to persist in cells, PVP should be used 
to augment ECM deposition in cell culture only if a method can be developed that 
ensures the complete removal of PVP from the matrices. This method would allow 
stem cells to be seeded on the matrices, which would result in faster proliferation and 
more efficient differentiation (according to the stem cell-ECM reciprocity theory). 
 
We have shown that PVP can be microinjected into zebrafish embryos and 
tracked for several days. After observing PVP uptake into cells (Chapter 5) and 
enhanced collagen deposition under PVP’s influence (Chapter 6), we realised that it 
would be important to study what happens to PVP in a whole organism. Along with 
all our other data on PVP, any information on the distribution profile of PVP and its 
eventual fate in a model organism would be essential for any future work that would 
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involve PVP in regenerative medicine and/or drug delivery. We have shown that PVP 
persists within embryos for at least 5 days. It has been observed to enter the blood 
circulation of the brain. The persistence of PVP in cells and zebrafish embryos 
suggests that PVP has a tendency to accumulate within living tissue. Coincidentally, 
these findings bring us closer to understanding the cause and nature of the PVP 
storage disease that has been reported in literature. PVP does not appear to be 
biodegradable and therefore must be used judiciously for cell cultivation purposes. 
 
The original hypothesis for this thesis was that the excluded volume effect 
causes stem cells to proliferate faster and differentiate more efficiently. An important 
assumption of this hypothesis is that Ficoll is an inert crowder. The hypothesis had to 
be broadened after the experiments on Ficoll uptake, degradation and metabolism had 
been performed. These experiments showed that Ficoll is not inert because cells can 
internalise it and use it as a source of energy. The results suggest that Ficoll is a 
crowder as well as a metabolic substrate. The stem cell-ECM reciprocity theory 
should take the findings of this thesis into account when attempting to explain how 
Ficoll augments stem cell behaviour. 
  
It has been shown that crowders do not directly affect molecular diffusion in 
membranes. Indirect effects operating through the extracellular matrix (ECM) are 
worth investigating. For example, the increased density of collagen fibrils within the 
ECM caused by crowding could, in turn, lead to clustering of membrane receptors 
such as integrins. This change in the organisation of the cell membrane could be 
detected by a variant of fluorescence correlation spectroscopy known as imaging-total 
internal reflection fluorescence correlation spectroscopy (ITIR-FCS).  
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For the first time, the uptake of Ficoll into cells by micropinocytosis and its 
colocalisation with lysosomes and mitochondria have been demonstrated. The entry 
of Ficoll into mitochondria is a particularly astonishing and novel finding, which 
would have implications for drug delivery and the treatment of mitochondria-related 
diseases as well as for understanding the mechanism of transport of molecules into the 
mitochondria from the cytoplasm. This entry into mitochondria was unexpected 
because the mitochondrial uptake of polymeric carbohydrates has not been described 
to date. Ficoll’s molecular weight of 70 kDa and 400 kDa would not have suggested 
that transport into mitochondria would occur. However, as the vast majority of 
macromolecules that function inside mitochondria have to be imported from the 
cytoplasm, transport mechanisms have been partially studied [200]. These 
mechanisms exist in the form of translocases of the outer membrane (TOMs) [201, 
202], but have thus far been described only for proteins and RNA, not for polymeric 
carbohydrates. The findings reported in this thesis could contribute to current 
international efforts towards developing nanoparticles for drug delivery to 
mitochondria [203, 204]. As the synthesis of polysucrose is relatively straightforward,  
it would seem feasible to use techniques similar to those described in Ting et al [205] 
to build polysucrose-based materials that would be targeted to mitochondria. 
 
At the moment, the formation of a proteinaceous corona, a phenomenon that 
has been described for other synthetic nanoparticles and apparently is instrumental in 
directing uptake kinetics and modes [206], needs to be investigated. As Ficoll is 
neutral in charge, we would not expect significant corona formation. Nevertheless, 
new experiments should be performed to address this particular issue. 
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Our metabolism data show that Ficoll is completely broken down into 
harmless sugars, thus suggesting that it is a biologically safe biomaterial. Based upon 
these results, we propose that carbohydrate nanoparticles be designed for the purpose 
of serving as carriers for drug delivery. Polyethylene glycol (PEG) is currently the 
most promising nanoparticulate drug carrier, but it is known not to be biodegradable.  
 
The metabolic findings explain the proliferation spurt in fibroblasts and 
mesenchymal stem cells under Ficoll crowding. This would have additional benefits 
in the expansion of stem cells for therapeutic purposes. With respect to the 
intracellular fate of a nanoparticle, the total metabolisability of such a structure would 
be ideal. We could therefore foresee an interesting future for sucrose copolymers as 
building blocks for safe, metabolisable nanomaterials for the delivery of active 
compounds (such as drugs) and metabolic probes. 
 
In order to confirm that Ficoll is broken down into simple sugars which are 
subsequently metabolised by cells, further experiments involving Ficoll labelled with 
carbon-13 (
13
C) should be performed. Cells would be treated with 
13
C-Ficoll for a 
suitable period and the cell lysates would be analysed by mass spectrometry. If 
13
C-
Ficoll is the source of metabolisable sugars, it should be possible to detect 
13
C in 
proteins, sugars, lipids and nucleic acids.   
 
PVP has been considered to be safe as a pharmaceutical excipient for a long 
time and enjoys FDA approval for this purpose. Be that as it may, using PVP to 
manipulate stem cells which would subsequently be transplanted into patients for the 
treatment of disease may ultimately result in the accumulation of large amounts of 
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PVP in the body. Thus, further experiments are needed to understand how PVP would 
behave in the body of an organism, such as a mouse. Such animal studies would 
investigate how PVP is processed by the organism, namely, through the processes of 
absorption, distribution, metabolism and excretion, or “ADME” as it is commonly 
known in the fields of pharmacology and drug discovery.  
 
As has been shown in this thesis, Ficoll and PVP are promising biomaterials. 
PVP can be used as a macromolecular crowder, while Ficoll can be used both as a 
crowder and as a source of sugars for cells. The findings reported in this thesis serve 
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